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PREPARATION OF POLYMERS BY AQUEOUS RING OPENING 
METATHESIS POLYMERISATION, AND THEIR APPLICATION TO 
INDUSTRIAL WATER TREATMENT PROCESSES. 
by 
David Bryan Hamson 
ABSTRACT 
The work described in this thesis was concerned with the synthesis and 
aqueous Ring Opening Metathesis Polymerisation (ROMP) of some functionalised 
homo- and heteropolycyclic olefms. The objectives of the work were to explore 
the range of monomers and catalysts available for the aqueous ROMP reaction, 
and to assess the application of some of the polymers prepared for the prevention 
of aragonite precipitation from salt water. 
This thesis is divided into seven chapters. In the frrst chapter the background 
of industrial water treatment and ROMP is reviewed. Chapter Two gives details of 
the synthesis and characterisation of some functionalised derivatives of 
7-oxabicyclo[2.2.1]hept-2-ene, and bicyclo[2.2.1]hept-2-ene. Chapter Three gives 
details of the aqueous ROMP of the monomers prepared in chapter Two, and their 
characterisation. The fourth chapter is concerned with the preparation and 
characterisation of oligomers via aqueous ROMP. The fifth chapter discusses the 
observations recorded · in chapters Three and Four, and the sixth chapter gives 
details of the industrial testing of some of the polymers/oligomers. Conclusions, 
and proposals for future work are made in the fmal chapter. 
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CHAPTER 1: 
INTRODUCTION. 
1.1: General Introduction. 
Heavy industry consumes large quantities of water for manufacturing and 
processing, the majority of which comes directly from subterranean and surface 
water reservoirs, or the sea. Such water contains high concentrations of dissolved 
metal ions and biological material, which can inhibit the smooth operation of the 
plants. One major industrial problem is the formation of inorganic scales, 
principally calcium carbonate and barium sulphate, in reservoirs, pipes and 
equipment. 1 Scale can be removed by flushing with mineral acids, although this 
procedure is costly both in materials and in the loss of operating time. 
Pretreatment to remove calcium and barium ions is also prohibitively expensive 
and, consequently, in-line desalination procedures must be employed. 
Desalination products must be carefully matched to the conditions found in 
each industrial process, and to the salt concentrations of the water feedstocks. 
Water soluble polymers have been used for many years to prevent or reduce 
inorganic scaling of metal pipes.2 The principle function of the polymers is to 
maintain the water-borne salts in suspension by modification of their crystal 
growth, and prevent them from adhering to the walls of the equipment. The range 
of polymers employed for such applications depends primarily on the type of scale 
formed and its crystal structure; the most efficient materials for the prevention of 
calcium carbonate scale, polycarboxylic acids, are comparatively ineffective for 
the prevention of barium sulphate scale.1 
Preparation of effective polymers for desalination requires a thorough 
understanding of the desalination mechanism. This in tum requires a knowledge of 
the type and crystal structure of the scale formed, which can only be established by 
study of the operating conditions. 
2 
1.2: Industrial water treatment applications. 
1.2.1 Petrolewn Recovery: 
Crude oil is a complex mixture of gaseous and liquid hydrocarbons formed by 
the decomposition of biological material. Oil reservoirs are underground 
formations of porous sandstone or limestone sandwiched between impermeable 
rock strata.3 When the upper stratum is penetrated by a well, the pressure of gas 
within the reservoir forces the oil to the surface (primary recovery). Thereafter, 
the well pressure can be raised by injection of water (secondary recovery), or by 
chemical methods (tertiary recovery). 
Large amounts of water are brought to the surface along with the oil during the 
primary recovery stage.4 Injection of this water back into the oil reservoir 
(water-flooding) serves three purposes: (1) it allows recovery of additional oil 
(secondary recovery); (2) it utilises a potential pollutant; and (3) in some areas it 
controls land subsidence. Usually the volume of water is insufficient for 
secondary recovery purposes and must therefore be supplemented by water from 
other sources, eg. the sea. Blending of the two water sources produces a 
chemically unstable mixture, from which calcium carbonate and barium sulphate 
can precipitate; the. flood-water must be treated to prevent salt precipitation.4 
1.2.2 Heat exchangers and boilers: 
Desalination plants, for the preparation of drinking water from sea water are 
common; sea water is boiled and condensed on the cool water inlet pipes, which 
act as heat exchangers, preheating the inlet water before it reaches the boiler, ami 
condensing the steam generated by the boiler. Calcium carbonate precipitates both 
on the heating elements of the boilers and inside the pipes of the heat exchangers; 
the sea water must be treated to prevent such scale formation. 2 
3 
1.3: Formation of aragonite and its inhibition. 
1. 3.1 Formation of aragonite: 
Calcium is the most abundant of the alkaline earth metals in the earth's crust 
(3.55% by weight).5 As a result of the weathering of calcium bearing rocks, 
calcium is dissolved as its bicarbonate. Slight changes in the pH6 or temperature7 
of waters containing calcium bicarbonate will cause precipitation of calcium 
carbonate (Figure 1.1), which is one of the most common deposits found in 
plugged oilfield pipes, equipment, and reservoirs.1 
C02 + H20 - H2C03 
CaC03 + H2C03 q Ca++ + 2HC03-
Figure 1.1: Dissolution and precipitation of calcium carbonate. 
Calcium carbonate can exist in three pure crystalline forms; calcite, aragonite 
and vaterite.8 Vaterite is comparatively rare, but has been found in natural scale 
deposits;9 industrial scales consist principally of calcite and aragonite.10 
The precipitation of pure calcite, pure aragonite or mixtures of the two is 
strongly temperature dependant; pure calcite is precipitated at 40°C, and pure 
aragonite (Figure 1.2) above 50°C. 11 The presence of certain metal impurities also 
favours the preferential formation of aragonite, eg. strontium, 12 barium, zinc, 
manganese, cobalt and iron. 13 Most of these elements are present in subsurface 
water or sea water, and operating temperatures in desalination plants are typically 
above 70°C. Not surprisingly, analysis of scale deposits from desalination plants 
has indicated that aragonite is. the initially formed scale deposit. 14 
4 
Key: Blue= calcium; Red = oxygen ; Green= carbon. 
Figure 1.2: Crystal structure of aragonite.15 
1.3.2 Commercial products for aragonite scale control: 
Polycarboxylic acids based on homo- and copolymers of acrylic acid and 
maleic acid are currently used to inhibit the formation of aragonite scale formed in 
cooling and boiler water during service (Figure 1.3).2 These are prepared by free 
radical polymerisations and copolymerisations of maleic anhydride, acrylic acid, 
vinyl acetate and vinyl chloride. 16 Aragonite antiscalent polymers are typically 
polyacrylates, produced by free radical polymerisation of acrylic acid or its sodium 
salt in the presence of chain transfer agents. 16 
H·O 
0 
0-H 
0 0-H 
poly(acrylic acid) poly(maleic acid) 
Figure 1.3: Polyacids used for aragonite antiscalents. 
0 
5 
Polymers and oligomers of low molecular weight (Mn 1000-5000) appear to 
be effective for the prevention of aragonite and calcite scale.2 Polymers of higher 
molecular weight (Mn > 5000) can be used to suspend clays, shales, iron oxides 
and sulphides in solution.17 
1.3.3 Theoretical interaction of polycarboxylates with aragonite: 
There are four ways in which polycarboxylates may interact with calcium ions 
to prevent the formation of scale deposits: (a) complexation; (b) prevention of 
homogeneous nucleation; (c) crystal surface modification; and (d) prevention of 
heterogeneous nucleation. 
a) Complexation: 
If the carboxylic acid groups on the polymer strongly complex calcium ions 
then they are effectively prevented from forming aragonite on the basis of reduced 
concentration. 18 The problems associated with this method are twofold. Firstly, 
very high concentrations of polycarboxylates must be used to complex most of the 
calcium ions, and secondly, the calcium-polymer complexes may be insoluble. 
Polymers used for complexation are usually of high molecular weight, and are 
employed in pretreating the water inlet supply.2 
b) Prevention of homogeneous nucleation: 
Mass transpon of calcium and carbonate ions m solution can result in 
localised regions of high concentration (supersaturation). Electrostatic attraction 
draws the ions closer togethe~ forming a loose cluster, termed a "critical nucleus", 
which has a greater potential energy than a bulk phase of the same mass. To 
relieve this thermodynamically unstable position, the critical nucleus can either 
undergo a phase transformation to become a solid crystal nucleus, or disperse. 19 If 
6 
a polycarboxylate enters the supersaturated region, then electrostatic attractions are 
formed between polymer and calcium ions, and consequently the attractions 
between calcium ions and carbonate ions are reduced. As a result of this new 
interaction, the radius of the critical nucleus necessary for phase transformation is 
increased, and may be both energetically and physically too large to be formed, 
hence homogeneous nucleation is prevented. 20 
Low molecular weight (Mn 1000-5000) polycarboxylates17 are used for the 
prevention of homogeneous nucleation and can be used in low concentrations with 
respect to the calcium ions present. However such polymers do not necessarily 
prevent heterogeneous nucleation on the metal surfaces of pipes and other 
equipment. 
c) Crystal surface modification: 
This mechanism assumes that nucleation has already occurred. Interaction of 
the polymer with one of the faces of a growing aragonite crystal can halt the 
growth on that face (Figure 1.4). 
Key : Blue = calcium; Red·= oxygen; Green = carbon; Grey = hydrogen. 
Figure 1.4: Interaction of . polyacrylate .. with an aragonite surface. 
7 
In solution, crystal growth is an equilibrium between solid and dissolved ions, 
and a change in the equilibrium may cause the dissolution of the crysta1.19 Thus a 
crystal nucleus formed in solution may be prevented from growing, redissolved, or 
grow in a modified form by halting growth at one of its faces. 21 Low molecular 
weight polyacrylates2 are used for crystal surface modification; usually polymers 
suitable for surface modification are also suitable for the prevention of 
homogeneous nucleation. 
d) Prevention of heterogeneous nucleation: 
This process requires coating of the heterogeneous surface (eg. steel pipe) with 
an antiscalent product such as a simple carboxylic or phosphoric acid containing 
molecule. Polycarboxylates have found little application in this case. 
1.4: Olefin metathesis. 
1.4.1 Basic theory: 
For a thorough discussion of the general principles of metathesis the reader is 
directed to a number of general text books on the subject. 22• 23• 24 
Ring Opening Metathesis Polymerisation (ROMP) was first observed by 
Anderson and Merckling in the polymerisation of norbomene (Figure 1.5). 25 
( c=cr---<0 ) 
n 
ROMP 
Figure 1.5: ROMP of norbomene. 
8 
Calderon noted the similarity between this reaction and the "olefin 
disproportionation" reaction discovered by Banks and Bailey (Figure 1.6),26 and 
used the term "olefin metathesis" to describe them both.27 
R1HC==CHR1 
R2HC CHR2 
Figure 1.6: The olefin disproportionation reaction. 
CHR1 
Since the original discovery, three types of olefin metathesis have been 
investigated; (a) Exchange (Figure 1.6), (b) Ring Opening Metathesis 
Polymerisation (ROMP) (Figure 1.5), and (c) degradation/degenerative 
metathesis. 23 All are now known to proceed via a chain mechanism, with a metal 
carbene as the chain carrying species. 
Unimolecular reactions within the metal carbene complex can cause the 
deactivation of the catalyst and hence the termination of metathesis. Alternatively, 
metathesis can be terminated by a Wittig type reaction (Figure 1.7), typically with 
a oxygen containing molecule, with the formation of an unreactive organometallic 
compound. 28 The chain growth process can be interrupted by an olefm exchange 
reaction with an acyclic olefin (chain transfer agent) (Figure 1.8). 
[M] 
0 l )\p 
n 
... 
O=[M] 
~p 
n 
Figure 1.7: Termination of metathesis via a Wittig type reaction. 
9 
) [M] l p 
n 
"=[M] 
... 
~pn 
Figure 1.8: Cross-metathesis between a chain propagating species and an acyclic 
olefin. 
The "classical" ROMP reaction is catalysed by a metal carbene generated in 
situ from the halides, oxides or oxyhalides of some of the transition metals (Figure 
1.9). 
IVA VA VIA VIlA VIII 
Ti v Cr 
Zr Nb Mo Ru Rh Pd 
Hf Ta w Re Os Ir Pt 
Figure 1.9: Metals active as metathesis catalysts. 
In some cases the carbene can be generated directly by reaction of the metal 
halide with a small proportion of the monomer.29 Such examples are rare, and it is 
more usual to use a cocatalyst (eg. ~Sn, R = Me,30•31 Ph32) and/or accelerator (eg. 
H20, 30 EtOH33) to aid the generation of the carbene (Figure 1.10). Production of 
the initiating carbene in these "classical" systems is also dependant on various 
physical parameters such as. temperature,32 rate of mixing, and concentration;34 
consequently, the reactions are difficult to reproduce. 
10 
WC16 + (CH3)4Sn -+ WC15CH3 + (CH3hSnCI 
WC15CH3 -+ WC14=CH2 + HCl 
Figure 1.10: Formation of a tungsten carbene in a "classical" catalyst system using 
a cocatalyst. 
Recent advances have lead to the preparation of a series of transition metal 
carbenes by Schrock,35•36•37 Grubbs38 and Osborn. 39 These compounds can initiate 
"living" ROMP of cyclic olefins, enabling mechanistic studies to be performed. 
1.4.2 Development of mechanistic theory: 
Study of the cross metathesis between cycloalkenes and unsymmetrical linear 
alkenes led to the proposal by Herisson and Chauvin that a metal carbene was 
involved in the metathesis reaction.40 This concept was supported by using stable 
Fischer41•42 and Casey43-45 carbenes as initiators (Figure 1.11) for the 
polymerisation of highly strained cyclic olefms. 
Ph 
>=W(C0) 5 Me 
Fischer carbene 
Ph ~W(C0) 5 Ph~ 
Casey carbene 
Figure 1.11: Metal carbenes used to initiate metathesis. 
The proposed mechanism was assumed to proceed via a transient 
metallacyclobutane; support for this aspect of the theory was obtained by Grubbs 
who isolated and determined the structure of a stable complex derived from Tebbe 
11 
reagent46 and norbornene (Figure 1.12), and showed that it could initiate the 
ROMP of norbornene.47 
Figure 1.12: Metathesis catalysts derived from Tebbe reagent. 
Final confirmation of the theory came from observations of the simultaneous 
presence, and interconversion, of tungsten carbenes and tungstacyclobutanes 
during the ROMP of norbornene initiated by the Osborn catalyst (Figure 1.13).48 
t-Bu 
6I2 6 
Br ... ~+ 
I ~2 0 )------:>r 
t-Bu 
t-BuCH Br 
' 2 I O-w 
... 0 ...... 1-
I' 
t-BuCH2 Br I 
GaBr3 
H 
t-Bu 
Figure 1.13: Interconversion of metal carbene and metallacyclobutane. 
In summary the basic mechanism of productive metathesis involves a [2+2] 
addition of an olefin to a metal carbene to form a metallacyclobutane.23 
Subsequent rearrangement of the metallacycle followed by its cleavage forms a 
new carbene and a new olefin. 
12 
1.4.3 Recent advances in the mechanistic theory: 
The metallacycle is initially formed by [2+2] addition of the olefin to the 
metal carbene. Comparison of the rate of reaction of cis-2-pentene with the 
isostructural tungsten complexes W(CH-t-Bu)(NAr)[OCMe(CF3hh and 
W(CH-t-Bu)(NAr)[O-t-Buh shows a turnover rate of 1<P turnovers per minute for 
the former and 2 per hour for the latter (Figure 1.14), implying that the 
electrophilicity of the metal carbene is rate determining.49·50•51 
NAr 
RO ,,,,,,,,,,,,,,, / 
·····M 
/ '/Rt 
RO T 
M=MoorW 
Ar = 2,6-i-PrrC6H3 
R = CMe3 , CM~(CF3) , CMe(CF3h 
R 1 =alkyl , usually t-Bu 
H 
Figure 1.14: Metal carbene initiators prepared by Schrock. 
In the case of the metathesis of norbornene or its derivatives, attack is on the 
exo face of the olefin; in the case of a norbomadiene the attack is with the exo face 
of the unsubstituted or less sterically hindered double bond.52 NMR studies 
suggest that the first insertion product is solely trans (Figure 1.15).28 
In the case of cyclic olefms, a polymer is formed by cleavage of the 
metallacycle to form a new metal carbene, followed by attack of another monomer. 
The rate of initiation and propagation is related to the stability of the metallacycle 
compared to the carbene. The polydispersity of the polymers is related to the rate 
of initiation compared to that of propagation. Osborn found that for rates of 
propagation greater than rates of initiation the polymers produced have a larger 
molecular weight distribution (MWD) than those prepared with conventional 
"living" initiators.54 However the initiator used was shown to be "living" by 
observation of the downfield hydrogen resonance in 1 H NMR spectrum associated 
13 
with the a. hydrogen of the metallacycle, and the ability of the system to make 
block copolymers. 54 
syn isomer 
t-BuO Ar . 
"'/N /Mg, ..... t-Bu 
t-Bu/ i \ 
a. hydrogen 
exo face 
CF3 
t-Bu 0 
I~~ 
t-Bu 0 ---Mo;;....-
trans 
metallacycle 
·····'' t-Bu 
Figure 1.15: Attack on the exo face of a norbomadiene derivative to yield a trans 
first insertion product 53 
Important factors to raise are: (a) how does the substitution on the 
metallacyclobutane affect the rate of polymerisation ?; (b) what is the effect of the 
other ligands on the stability of the metallacycle ?; and (c) what rearrangements of 
core geometry are involved ? . 
a) Substitution on metallacyclobutanes: 
The stability of the metallacylobutane was shown by Grubbs to be dependant 
on the degree of substitution of the ring. 47 The difference in initiation and 
propagation rates is determined by the absence or presence of a bulky polymer 
chain or alkyl group as a substituent at a.1 on the titanacyclobutane ring (Figure 
1.16). 
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(Cp)z Ti 
R 1 = H , alkyl or polymer 
R2 = H, alkyl or polymer 
Cp =, -cyclopentadienyl 
Figure 1.16: Substitution of titanacyclobutanes. 
Using titanacycles derived from Tebbe reagent (Figure 1.12), Grubbs 
demonstrated that the polymerisation of those that were unsubstituted on a 1 
proceeded after an induction period that had a frrst order dependence on monomer 
concentration. ROMP using titanacycles that have substitution on a 1, and are 
hence a model for the propagation step of a polymerisation, proceeded with no 
induction pericxi and a zero order dependence of rate on monomer concentration. 
This difference in induction period was reflected in the molecular weight 
distributions (MWD) of the product polymers; initiators which result in ROMP 
after an induction period produce polymers with a larger MWD than those which 
proceed with no induction period.47 
Similar work using a norbomene monomer was carried out by Schrock with a 
tantalacyclobutane substituted at a 1•35 The polymerisation proceeded with no 
dependence on the concentration of norbomene monomer, hence the ring opening 
of the metallacycle was the rate limiting step. An initiation period noted for 
metallacycles that were unsubtituted on a 1 is again ascribed to the relative stability 
of the frrst insertion product -compared to the "living" chain carrier for the general 
propagation step (Figure 1.16). 
The carbene complex exists in two forms (rotamers), syn and anti (Figure 
15 
1.17), and cyclic olefins can add to the complex to form cis or trans metallacycles 
(Figure 1.15).53 
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Figure 1.17: Syn and anti carbenes. 
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Cis tantalacycles generally ring open much faster than trans, supporting the 
other evidence that trans metallacycles are the first insertion product;55 if cis was 
the major first insertion product then the induction period for the initiation of 
metallacycles unsubstituted on position a 1 would be small or non-existent. The 
formation of a trans metallacycle from a syn rotamer leads to an anti first insertion 
product and formation of a cis metallacycle from a syn rotamer leads to a syn first 
insertion product. The presence of both rotamers does not rule out the formation of 
a stereoregular polymer; using Schrock's molybdenum based initiator (Figure 
1.14), 2,3-bis(trifluoromethyl)norbornadiene can be polymerised to give a 98% 
trans polymer (living rotamers are observed in the ratio 6: 1 syn:anti)53 and 
2,3-bis(carbomethoxy)norbornene can be polymerised to give a 90-95% trans 
polymer. 56 
b) Effect of ligands on metallacycle stability: 
Grubbs considered the effect of substitution on the cyclopentadienyl rings of 
initiators derived from Tebbe reagent when they were used for the ROMP of 
norbornene.57 The steric bulk of the substituents on the cyclopentadienyl rings can 
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interfere with the substituents on the P carbon, and destabilise the metallacycle. 
Thus the rate of propagation of the "cis" form (Figure 1.18) was found to be greater 
than that of the "trans". 
cis form trans form 
Figure 1.18: Substituted cyclopentadiene rings on a catalyst derived from Tebbe 
reagent. 
For effective ROMP, there must be a low energy barrier for the 
interconversion of the metallacycle and the metal carbene, and this is dependant on 
the electron withdrawing effect of the ligands. In the complexes of type 
M(CHR)(NAr)(ORh (M= Mo or W; Ar=2,6-C6Hri-Pr2), the activity of the 
catalyst for a given metal increases significantly in the series (R=) -CMe3< 
-CM~(CF3)< -CMe(CF3h (Figure 1.14), ie. rate of metathesis increases as the 
ligands become more electron withdrawing.49 
c) Rearrangements in core geometry during metathesis: 
Mechanistic studies58 using initiators of the Schrock type (Figure 1.14) have 
recently revealed some of the changes involved in the metal core geometry during 
the metathesis of simple terminal olefins.59 The rate of formation, and stability, of 
the initially observed square pyramidal metallacyclobutane depends on the reaction 
temperature, solvent, and the alko:xide ligands of the initiator. A number of square 
pyramidal and trigonal bipyramidal species can be observed when the reaction 
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temperature and/or ligands are altered (Figure 1.19). 
bond lengths in A 
Square pyramid 
NAr 
RlO-n~ 
lR 1 OR 1= OC(CF3h(CF2CF2CF3) 
Trigonal bipyramid 
Figure 1.19: Complexes observed in the metathesis of an acyclic olefin. 58 
NMR studies show that these complexes interconvert rapidly compared to the 
rate of tungstacycle formation and cleavage. When the tungstacycle is sustituted 
on the a. carbon, the geometry of the metallacycle that predominates depends on 
that substitution. The interconversion of metallacycles is thought to be crucial in 
productive metathesis reactions, and the mechanism for metathesis of cyclic 
olefins is therefore postulated to proceed in a similar manner (Figure 1.20). 
The mechanism involves attack of the olefin on the carbene on the 0/N/C face 
to yield a trigonal bipyramidal complex. Loss of a new olefin from this complex is 
not immediately possible. Pseudorotation about the equatorial nitrogen via a 
square pyramidal intermediate with axial nitrogen results in a new trigonal 
bipyramid which can now lose the new olefin from an axial position. 60 
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Figure 1.20: Changes in core geometry during metathesis. 
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The rate of reaction is related to the energy barrier between the trigonal 
bipyramid and square pyramid forms of the metallacycle. Other pseudorotations 
are kinetically accessible and are rapidly interconvertible relative to the rate of 
monomer addition, 58 although they are not thought to be ir11portant in ROMP. 
1.4.4 Olefin metathesis in aqueous and ethanolic solution: 
For effective metathesis, there must be a low energy barrier between metal 
carbene and metallacyclobutane. Many other reaction paths are also available, and 
both species can be extremely sensitive to deactivation by solvent and 
functionalised monomers. The "classical" catalysts derived from tungsten, 
molybdenum and rhenium are easily destroyed by the presence of oxygen and 
water in greater than stoichiometric amounts,23 and some oxygen containing 
monomers. The carbene initiators made from molybdenum,36 tungsten,39 
rhenium,47 titanium,47 and tantalum55 are more stable to deactivation by the 
monomer, but more sensitive to oxygen and water. In both kinds of system the 
stability of the initiating and chain propagating species depends on steric 
protection of the unstable carbene, and electronic stabilisation by donation of 
electron density from the other ligands.49 
Transition metal carbenes formed in situ from group VIII metals ·are more 
stable in the presence oxygen containing molecules than their tungsten and 
molybdenum counterparts. 23 Metathesis catalysts derived from the hydrated 
chlorides of iridium, 61 osmium62 ruthenium63 and rhodium64 in ethanol are well 
known. Such catalysts can polymerise a range of functionalised monomers 
including ester,65 anhydride66 and acid67 derivatives of norbornene. Usually the 
carbene is formed by direct reaction of a metal halide with the monomer, although 
in some cases reducing agents have been used as activators. 68•69 The presence of 
water is tolerated in many of these systems and has been used as a solvent70 or 
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co-solvent68·69 in the ROMP of some homo- and heterocyclic olefins,71 -74 although 
the exclusion of molecular oxygen is still preferred. 72 
Recently Grubbs has reported the aqueous ROMP of various heteropolycyclic 
monomers using ruthenium trichloride trihydrate as the precursor to the initiating 
and chain propagating species (Figure 1.21).71•72 In water, catalysts derived from 
iridium and osmium tend to polymerise the same monomers at a much slower rate 
than ruthenium derived ones,73 and competitive side reactions are more important. 
The trend is reversed in ethanol, with iridium initiators being of highest activity. 62 
Subsequently the range of functionalised monomers susceptible to aqueous ROMP 
was expanded to include ester and acid functionalised norbomenes and 
7 -oxanorbornenes. 75· 76·77 
0 
R 1 = H, CH20H, CH20Me, C02H, C02Me 
R 1 R2 = H, CH20H, CH20Me, C02H, C02Me 
R2 R1 = R2 = exo only 
R 1 = H, C02H, C02Me, C02Et 
R2 = H, C02H, C02Me, C02Et 
R 1 and R2 = exo or endo 
Figure 1.21: Homo- and heteropolycyclic olefms polymerised in pure water or 
ethanol by ROMP. 
ROMP of heterocyclic and heteropolycyclic olefms has traditionally been 
difficult due to interactions of the hetero atom with the carbene initiator.78 In 
addition conventional olefin addition, 63 ether ring opening75,72, and 
copolymerisations with carbon monoxide79 have been reported as competitive 
reactions. 
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1.4.5 Microstructure of polymers prepared by ROMP: 
The ROMP process is outlined in Figure 1.22, the numbering system depends 
on the substituents of the monomers and is dealt with later. 
There are a number of ways in which the repeat units can be incorporated into 
the chain. The ultimate microstructure is dependant on four factors: (a) cis and 
trans double bonds; (b) head and tail effects; (c) tacticity effects; and (d) sequence 
effects.23 
0 
( C=O 
R n 
R ROMP 
----....... ~
R R 
Figure 1.22: ROMP of disubstituted 7 -oxanorbomene. 
a) Cis and trans double bonds: 
The backbone of a polymer prepared by ROMP contains unsaturated bonds 
which can be either cis or trans (Figure 1.23). 
X:
: 
. 
. 
0 H 
Figure 1.23: Cis and trans double bonds in poly(2,5(furanylene)vinylene). 
Approach of 7-oxabicyclo[2.2.1]hept-2-ene to a carbene of the kind shown in 
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Figure 1.17 can occur in two different ways, leading to cis and trans ring opened 
polymers (Figure 1.24). 
M~,,....p 
H 
M~P 
H 
trans addition product 
cis addition product 
Figure 1.23: Transition steps leading to cis and trans double bonds. 
••''''''' p 
The double bond content of the polymers prepared by ROMP is denoted by the 
symbol ac. which refers to the proportion of cis double bonds in the backbone.-23 
Thus for ff= 1.0 there are only cis double bonds and for ff= 0 there are no cis 
double bonds. This notation is used throughout this thesis. 
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b) Head and tail effects: 
The polymers prepared in this thesis are made from symmetrically substituted 
7-oxabicyclo[2.2.1]hept-2-ene monomers. Symmetrical monomers cannot give 
rise to "head-head" (HH), "head-tail" (HT), or "tail-tail" (TT) addition modes.24 
c) Tacticity effects: 
The propagating metal carbene can exist in two mirror image forms (Figure 
1.17) which may not interconven rapidly compared to the rate of monomer 
addition.53 The monomer can be orientated in two ways when it attacks (Figure 
1.24) and therefore four tacticities are available. The allylic carbons on either side 
of the vinyl bond are chiral and may have opposite chirality, giving meso or 
m-dyads and isotactic polymer, or have the same chirality giving racemic or 
r-dyads and syndiotactic polymer. Since the vinylic bonds can either be cis or 
trans, there are four possible microstructural arrangements (Figure 1.25). 
d) Sequence effects: 
Generally, for polymers of this type, the sequence effects, or "blockiness" are 
only observed for if> 0.5. The blockiness is observed in NMR studies as new 
resonances, distinct from the resonance of non-blocky cis or non-blocky trans. For 
polymers with if< 0.35 the backbone usually contains a random distribution of cis 
and trans double bonds. 80 
24 
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Figure 1.25: The four possible tacticities of poly(2.5(furanylene)vinylene). 
1.5: Objectives and methods of this study. 
The objectives of the investigation described in this thesis were the synthesis 
of a variety of functionalised polymers by aqueous ROMP, and the study of their 
application to aragonite scale control procedures. The approach adopted was to 
prepare a number of derivatives of 7-oxabicyclo[2.2.1]hept-2-ene and 
bicyclo[2.2.1]hept-2-ene, and polymerise them via aqueous ROMP. The 
microstructure of the monomers, oligomers and polymers produced were 
investigated using 1 H NMR spectroscopy, 13C NMR spectroscopy, and infrared 
spectroscopy. The effectiveness of some of the low molecular weight polymers for 
the inhibition of aragonite formation was assessed, and correlated to both 
theoretical models, and polymer microstructure. The monomers shown in Figure 
1.26, and polymers shown in Figure 1.27 have been prepared and investigated 
during the course of this work. 
Chapter 2 describes the synthesis and characterisation of the monomers. 
Chapter 3 is concerned with surveying the monomers that can be polymerised via 
aqueous ROMP, and surveying the range of transition metal chlorides which are 
able to form aqueous metathesis initiators in situ. In chapter 4, the preparation of 
oligomers, and the effect of some acyclic olefins on the polymerisation is 
described. Chapter 5 discusses the results of chapters 3 and 4, and Chapter 6 is 
concerned with the applications tests, and the theoretical modelling of the 
inhibition of aragonite formation. Chapter 7 suggests future developments of this 
work. 
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Figure 1.26:- Monomers and chain transfer agents used for aqueous ROMP. 
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Figure 1.27: Polymers prepared by aqueous ROMP. 
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CHAPTER 2: 
MONOMER 
SYNTHESIS AND 
C H A R A C T E R I S AT I 0 N. 
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2.1: Introduction. 
2.1.1 General: 
The objectives of this chapter are the synthesis and characterisation of a series 
of functionalised derivatives of 7-oxabicyclo[2.2.1]hept-5-ene and 
bicyclo[2.2.1]hept-5-ene. The most convenient synthetic route for any of these 
derivatives was found to involve the formation of the polycyclic ring ·via a 
Diels-Alder reaction, followed by derivatisation of the adduct. 
2.1.2 The Diels-A/der Reaction: 
The Diels-Alder reaction involves the addition of an olefin or acetylene 
derivative (dienophile) to a conjugated diene with the formation of a six membered 
ring (Figure 2.1).81 
Figure 2.1: The Diels-Alder reaction between a conjugated diene and an olefin. 
Effective reaction requires that there are electron withdrawing groups on the 
dienophile,82 and electron donating groups on the diene (conventional 
Diels-Alder), or electron withdrawing groups on the diene and electron donating 
groups on the dienophile (Diels-Alder with inverse electron demand); the 
conventional reaction can ~ accelerated in the presence of Lewis acids. 83 The 
diene can react only in the cis conformation, and therefore cyclic dienes react 
faster than acyclic dienes; five membered ring dienes are particularly favoured 
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due to the coplanarity of the double bonds. 
With a substituted acyclic dienophile the reaction produces either exo or endo 
adducts depending on the conditions (Figure 2.2):81 the exo adduct is the 
thermodynamically favoured product, and the endo adduct is the kinetically 
favoured product. 84 Careful control of the temperature, pressure and solvent can 
favour the formation of one adduct over the other. Thus reflux of cyclopentadiene 
and maleic anhydride in o-dichlorobenzene favours the exo adduct,84 whereas at 
lower temperature the endo adduct is the major product. 85 
0 
... 
0 
Figure 2.2: Diels-Alder reaction of maleic anhydride and cyclopentadiene to yield 
exo and endo adducts. 
2.2: General Details. 
2.2.1 Reactants: 
All reactants and solvents (Aldrich Chemical Co. Ltd.) were used as supplied 
unless stated otherwise. 
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2.2.2 Monomer characterisation: 
All NMR spectra were recorded using either a Varian VXR -400-S NMR 
spectrometer, operating at 399.952 MHz for 1H NMR, and 100.577 MHz for 13C 
NMR, or a Broker AC250 NMR spectrometer, operating at 250.133 MHz for 1H 
NMR, and 62.896 MHz for 13C NMR. Infrared spectra were recorded with a 
Nicolet 730 FTIR spectrometer or a Perkin Elmer 577 spectrometer, and Mass 
spectra were recorded with a VG 7070E mass spectrometer using chemical 
ionisation from NH4 +. 
2.2.3 Computer modelling: 
Theoretical calculations of the torsion angles in the monomers were made 
using a transputer based computer modelling system, custom built for Ciba-Geigy 
Industrial Chemicals. The hardware comprised of 16 INMOS floating point 
transputers in network with an ffiM 80 personal computer, and DIGISOLE BGP64 
graphics processing unit. The software, based on the commercial CHEMMOD 
package, was custom written for Ciba-Geigy by Dr. D.N.J. White86 at the 
University of Glasgow, and used Newton-Raphson techniques for the energy 
minimisation calculations. 87 
2.3: Synthesis and characterisation of exo-7-oxabicyclo[2.2.1]hept-5-ene-
·2,3-dicarboxy anhydride <D. 
2.3.1 Synthesis of monomer 1: 
The Diels-Alder reaction between furan and maleic anhydride is shown in 
Figure 2.3, which also records the numbering system employed. 
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Figure 2.3: Diels-Alder reaction of furan and maleic anhydride to yield monomer I. 
The reaction yields both exo and endo adducts, although the ratio of products 
depends on the solvent and temperature. The rate constant for the formation of the 
endo adduct in acetonitrile is 500 times greater than that for the exo adduct, 
although the exo adduct is 1.9 Kcal.mol-1 more stable.88 When the reaction is 
carried out in diethyl ether at room temperature the exo adduct crystallises from 
solution and is the sole isolated product after two days. 89 
Furan (68g, 1.0 mol) was added to a solution of maleic anhydride (98g, 1.0 
mol) in diethyl ether (400 ml) at room temperature and stirred for 12 hours. White 
crystals began forming after 6 hour; filtration after 48 hours followed by washing 
with diethyl ether afforded I as a white crystalline product in 69% yield. (m.pt. 
125.00C. Lit.90 125.00C) (Elemental analysis; found: C,57.4%, H,3.5% ; calculated 
for C8~04: C,57 .8%, H,3.6% ). 
2.3.2 Characterisation of monomer I: 
The 1H NMR spectrum of monomer I is shown in Figure 2.4, with the 
chemical shifts recorded in Table 2.1. 
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Figure 2.4: 1 H NMR spectrum of exo-7 -oxabicyclo[2.2.1 ]hept-5-ene-2,3-dicarboxy 
anhydride (monomer I) recorded at 399.952 MHz in (CD3hCO. 
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TABLE 2.1: Principal 1H NMR spectral parameters1 for monomer I (399.952 
MHz, (CD3hCO). 
Monomer I shift/ multiplicity inte- assign-
ppm gral ment 
6.63 multiplet 2 5,6 
7 
0 J6,1 == 1.0 Hz 
J5,1 == 1.0 Hz 
5.37 multiplet 2 1 '4 
J1,6 == 1.0 Hz 
6 2 J1,5 == 1.0 Hz 
3.37 singlet 2 2,3 
1) with respect to acetone at 2.04 ppm. 
Protons H1, H4, H5, and~ form an A2X2 system with J5,6~ 0, J1.4~ 0, and 
J 1,5 == J 1,6 == 1.0 Hz. The small coupling constants observed are consistent with the 
torsion angles between the coupled protons, namely 28.5° between H1 and H6, and 
50.9° between H1 and H5•91 
The proton decoupled 13C NMR spectrum is consistent with the structure of 
monomer I, and is shown in appendix AI, with chemical shifts recorded in Table 
2.2. The infrared spectrum of monomer I was recorded from a KBr disc (appendix 
Bl), and is consistent with the assigned structure; vinylic C-H stretches at 3100 
cm·1, allylic C-H stretches at 30 10cm·1 and 3000cm·1, and anhydride carbonyl 
stretches at 1860cm·1 and 1780cm-1. 
The chemical ionisation mass spectrum (appendix Cl) contains a base peak at 
68 (C4}40+·) resulting from a retro Diels-Alder reaction, although no 
corresponding maleic anhydride peak is observed. The molecular ion peak at 184 
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(M + NH4 +) is of low intensity, which is consistent with the instability of this 
Diels-Alder adduct. The mass spectrum is consistent with the assigned structure. 
TABLE 2.2: Principal 13C NMR spectral parameters 1 for monomer I ( 100.577 
monomer I shift I assignment 
ppm 
07 
171.91 8,9 
137.70 5,6 
83.01 1 '4 
6 2 49.87 2,3 
1) with respect to acetone at 29.82 ppm. 
2.4: Synthesis and characterisation of 
exo,exo-5,6-bis(hydroxymethyl)-7 -oxabicyclo[2.2.1]hept-2-ene (II). 
2.4.1 Synthesis of monomer II: 
The reduction of monomer I to yield monomer II is shown in Figure 2.5, 
which also records the numbering system employed. Complete reduction of the 
anhydride group in monomer I to the diol monomer II can be achieved using 
LiAIH4 in THF as the reducing agent;92 when the reaction is carried out in diethyl 
ether93 or using NaBH494 as reducing agent, the anhydride ring is only partiaily 
reduced. 
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Figure 2.5: Reduction of monomer I to yield monomer II. 
Monomer I (9.9g, 60 mmol) in dry THF (160ml) was added over 45 minutes 
to an ice cooled slurry of LiAlH4 (4.6g, 121 mmol) in dry THF (140ml) with 
stirring under a nitrogen atmosphere. 92 The reaction was allowed to prodeed for a 
further 48 hours at room temperature prior to termination by consecutive additions 
of water (4.6ml), 15% NaOH (4.6ml) and water (13.8ml).95 Filtration to remove 
salt residues followed by evaporation of the solvent yielded the crude product. 
Purification by extraction into diethyl ether (200ml) with drying over anhydrous 
MgS04, followed by removal of solvent in vacuo afforded IT as a viscous oil in 
70% yield.92 (Elemental analysis: found: C,61.3%, H,7.5% ; calculated for 
C8H120 3: C-61.5%, H-7.7%). 
2.4.2 Characterisation of monomer II: 
The 1H NMR spectrum of monomer II is shown in Figure 2.6, with the 
chemical shifts recorded in Table 2.3: Protons H1, H2, H3 and H4 form an A2X2 
system with J2,3--+ 0, J 1,4--+ 0, and J 1,2= J 1,3 ... 1.0 Hz. Proton resonances between 
3.85 ppm and 3.50 ppm {Hg, H8., H9, ~·),and the multiplet centred at 1.81 ppm 
{H5, ~)form two equivalent ABX systems: (H8, H8• and H6) and~.~· and 
Hs). 
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Figure 2.6: 1H NMR spectrum of exo,exo-5,6-bis(hyd.roxymethyl)-
-7-oxabicyclo[2.2.1]hept-2-ene (monomer m recorded at 399.952 MHz in CDC13• 
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TABLE 2.3: Principal 1H NMR spectral parameters1 for monomer ll (399.952 
MHz, CDCl3). 
monomer II shift/ multiplicity inte- assign-ppm gral ment 
multiplet 
} 2 
6.46 J2,1 = 1.0Hz 7 2,3 
0 J3,1 = 1.0 Hz 
4.83 multiplet 
} 2 ' J1,2 = 1.0 Hz 1, 4 H J1,3 = 1.0 Hz 
2 6 
3.85- multiplet 
3.50 o8 = 3.71 ppm 4 8,9 
o 8• = 3.62 ppm 
06 = 1.81 ppm + 
1.81 J8 8• = 10.7 Hz 2 5,6 ' 
J8,6 = 7.9 Hz 
J8.,6 = 5.4 Hz 
1) with respect to acetone at 7.26 ppm. 
The methylene resonances centred at 3.71 ppm (H8 =~)and 3.62 ppm (H8• = 
~·) couple with each other and with the methine proton centred at 1.81 ppm (~ = 
H5) with coupling constants: Is,s·= 10.7 Hz; J8,6 = 7.9 Hz; and J8.,6 = 5.4 Hz. This 
is consistent with the methylene of the hydroxymethyl group being 
conformationally locked. 
The proton decoupled 13C NMR spectrum is consistent with the structure of 
monomer II, and is shown in appendix A2, with chemical shifts recorded in Table 
2.4. The infrared spectrum of monomer ll was recorded from a K.Br disc 
(appendix B2), and is consistent with the assigned structure: hydroxyl 0-H 
stretches at 3450 cm-1, alkene C-H stretches at 2940cm-1, and 2880cm-1, and ether 
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C-0 stretches at 1035cm-1• 
TABLE 2.4: Principal 13C NMR spectral parameters1 for monomer ll (100.577 
monomer II shift/ assignment ppm 
07 135.62 2,3 
81.06 1 '4 
62.46 8,9 
42.14 5,6 
1) with respect to acetone at 77.44 ppm. 
The chemical ionisation mass spectrum (appendix C2) contains a base peak at 
68 (C4J40+·) resulting from a retro Diels-Alder reaction, although no 
corresponding but-2-ene-1 ,4-diol peak is observed. The molecular ions are at 17 4 
(M + NH4 +) and 157 (M + H+) and are surprisingly intense by comparison with 
related structures. The mass spectrum is consistent with the assigned structure. 
2.5: Synthesis and characterisation of 
exo,exo-5,6-bis(methoxymethyl)o 7 oOXabicyclo(2.2.1)hept-2-ene (ill). 
2.5.1 Synthesis of monomer III: 
The methylation of monomer ll to yield monomer ill is shown in Figure 2. 7, 
which also records the numbering system employed. 
40 
7 
0 
0 
H 
/ 
0 NaH/Mel 
0 
\ THF /OOC 
H Me 
10 
II m H 6 
Figure 2.7: Methylation of monomer II to yield monomer III. 
CH3I (22.5ml, 356 mmol) was added with stirring to a solution of monomer II 
(6.92g, 44.4 mmol) in dry THF (250ml). The reaction vessel was cooled to 0°C 
and kept under a nitrogen atmosphere during the further addition of NaH (4.0g, 
167 mmol).96 Filtration of the slurry after 24 hours followed by evaporation of the 
solvent afforded the product adsorbed onto salt. The solid was taken up into water 
(20ml) and the product extracted with 3x 200ml diethyl ether. Drying of the 
combined ether extracts with MgS04 followed by evaporation yielded the crude 
product. Purification by distillation afforded III as a colourless liquid in 85% 
yield.72 (b.pt. 68°C@ 3x10-1 torr) (Elemental analysis; found: C,65.0%, H,8.8%; 
calculated for C1oH160 3: C,65.2%, H,8.7%) 
2.5.2 Characterisation of monomer III: 
The 1H NMR spectrum of monomer m is shown in Figure 2.8, with the 
chemical shifts recorded in Table 2.5. Protons H1, H2, H3 and H4 form an A2X2 
system with J2,3- 0, J1 ,4~ 0, and J1,2= J 1,3 = 1.0 Hz. The small coupling 
constants observed are consistent with the torsion angles between the coupled 
protons, namely 29.4° between H1 and H2, and 49.8° between H1 and H3• 
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Figure 2.8: 1H NMR spectrum of exo,exo-5,6-bis(methoxymethyl)-7-oxabicyclo-
-[2.2.1]hept-2-ene (monomer ffi) recorded at 399.952 MHz in (CD3hCO. 
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TABLE 2.5: Principal 1H NMR spectral parameters1 for monomer Ill (399.952 
MHz, (CD3hCO). 
shift/ multiplicity inte- assign-monomer Ill ppm gral ment 
6.32 multiplet 
J2,1 = 1.0 Hz 2 2,3 
J3,1 = 1.0 Hz 
4.68 multiplet 
7 J1,2 = 1.0 Hz 2 1 '4 0 
11 
J1,3 = 1.0 Hz 
/Me 3.45- 2 multiplets 
0/Me 3.42 
0 10 and o8 = 3.44ppm 
2 6 3.26- o8 • = 3.24 ppm 4 8,9 
3.21 J8,8• = 8.8 Hz 
J8,6 = 8.8 Hz 
J8 •• 6 = 5.2 Hz 
1.80 multiplet 
2 6,5 
06 = 1.80 ppm 
3.28 singlet 6 10' 11 
1) with respect to acetone at 2.04 ppm. 
Proton resonances between 3.45 and 3.42 ppm (H8, ~), between 3.26 and 
3.21 ppm (H8., ~·), and the multiplet centred at 1.80 ppm (H5, ~) form two 
equivalent ABX systems: (H8, H8• and H6) and~.~· and H5). The methylene 
resonances centred at 3.44 ppm (H8 = ~) and 3.24 ppm (Hg· = ~·) couple with 
each other and with the methine proton centred at 1.80 ppm (H6 = H5) with 
coupling constants: Js,s·= 8.8 Hz; J8,6 = 5.4 Hz; and J8·,6= 8.8 Hz. This is 
consistent with the methylene of the methoxymethyl group being conformationally 
locked. The methyl protons of the methoxymethyl group resonate as a singlet at 
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3.28ppm. 
The proton decoupled 13C NMR spectrum is consistent with the structure of 
monomer lll, and is shown in appendix A3, with chemical shifts recorded in Table 
2.6. 
TABLE 2.6: Principal 13C NMR spectral parameters1 for monomer Ill (100.577 
monomerlll 
7 
0 
11 
/Me 
0/Me 
0 10 
2 6 
1) with respect to acetone at 29.82 ppm. 
shift/ 
ppm 
136.26 
81.09 
72.77 
58.72 
40.64 
assignment 
2,3 
1 '4 
8,9 
10,11 
5,6 
The infrared spectrum of monomer Ill was recorded from a KBr disc 
(appendix B3), and is consistent with the assigned structure: alkane C-H stretches 
between 3000cm-1 and 2800cm-1; and ether C-0 stretches 1130cm-1, and 
1100cm-1• The chemical ionisation mass spectrum (appendix C3) shows a base 
peak at 117 (C~ 130 2 +.) resulting from a retro Diels-Alder reaction, and a 
corresponding furan peak at 68 (C4~o+·). The molecular ion is observed at 202 
(M + ~ +), although this "is weak. The mass spectrum is consistent with the 
assigned structure. 
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2.6: Synthesis and characterisation of 
exo,exo-1 -oxabicyclo[2.2.1]hept-S-ene-2,3-bis( carboxylic acid) (IV). 
2.6.1 Synthesis of monomer IV: 
The hydrolysis of monomer I to yield monomer IV is shown in Figure 2.9, 
which also records the numbering system employed. 
0 0 
I 
Figure 2.9: Hydrolysis of monomer I to yield monomer IV. 
Monomer I (50g, 0.30 mol) was dissolved in distilled water (200ml) with 
stirring for 4 hours. 97 After 24 hours colourless crystals formed at the bottom of 
the reaction vessel; the product was filtered after 48 hours to afford IV in 50% 
yield with respect to monomer I. (m.pt. 133.5°C, Lit.97 134.0°C) (Elemental 
analysis; found: C,52.1 %, H-4.1%; calculated for C8H80 5: C,52.2% H,4.3%). 
2.6.2 Characterisation of monomer IV: 
The 1H NMR spectrum of monomer IV is shown in Figure 2.10, with the 
chemical shifts recorded in Table 2.7; all the resonances in the spectrum are broad 
singlets. The proton decoupled 13C NMR spectrum is consistent with the structure 
of monomer IV, and is shown in appendix A4, with chemical shifts recorded in 
Table 2.8. 
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Figure 2.10: 1H NMR spectrum of exo,exo-7-oxabicyclo[2.2.1]hept-5-ene-
-2,3-bis(carboxylic acid) (monomer IV) recorded at 399.952 MHz in D20. 
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TABLE 2.7: Principal 1H NMR spectral parameters1for monomer IV (399.952 
MHz,D20). 
monomer IV shift/ multiplicity inte- assign-
ppm gral ment 
1 
0 6.29 singlet 2 5,6 
4.89 singlet 2 1, 4 
2.48 singlet 2 2,3 
6 2 
1) with respect to water at 4.67 ppm. 
TABLE 2.8: Principal 13C NMR spectral parameters1 for monomer IV (100.577 
MHz,D20). 
monomer IV 
1 
0 
shifts/ 
ppm 
184.49 
assignments 
8,9 
139.75 5. 6 
84.57 1 '4 
52.61 2,3 
The infrared spectrum of the disodium salt of monomer IV was recorded from 
a KBr disc (appendix B4), and is consistent with the assigned structure; the 
carbonyl C=O stretch at 1680cm·1 corresponds to a free carboxylate. The chemical 
ionisation mass spectrum (appendix C4) contains a base peak at 68 (C4If.tO+·), 
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corresponding to the retro Diels-Alder product, and a weak molecular ion peak at 
202 (M + NH4 +); the mass spectrum is consistent with the assigned structure. 
2.7: Synthesis and characterisation of 
exo,exo-7-oxabicyclo[2.2.1]hept-S-ene-2,3-bis(carboxymethyl ester) (V). 
2. 7.1 Synthesis of monomer V: 
NOTE: During the synthesis and purification of this monomer the author 
suffered a severe skin irritation on both hands and forearms. The cause of 
irritation is still not known. It is suspected that it did not result from contact 
with the actual monomer, but from contact with some side products, or 
combinations of materials assossiated with this synthesis. 
The Diels-Alder reaction between furan and dimethyl maleate is shown in 
Figure 2.11, which also records the numbering system employed. 
0 0 
r)o+ /Me 11 0 Znl'lf45°C /Me 0 M 0 0/ toe ~e 
0 v 
Figure 2.11: The Diels-Alder reaction between furan and dimethyl maleate to 
yield monomer V. 
The reaction is slow at low temperatures and atmospheric pressures, where it 
can take several months,98 but proceeds to 90% conversion after eight hours at 15 
Kbar and 27°C, with 20% of the product being the exo adduct.99 When zinc iodide 
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is used as an accelerator at 40°C under normal atmospheric pressure, the reaction 
affords 50% conversion after two days, with 60% of the product being the exo 
adduct 100 
Furan (19.6g, 0.29 mol) and dimethyl maleate (28.8g, 0.2 mol) were heated at 
45°C in an enclosed vessel under a nitrogen atmosphere in the presence of Znl2 
(19.1g, 60 mmol).100 After 48 hours, ethyl acetate (500ml) was added to the 
product mixture at room temperature, and the resulting slurry was washed with 
0.1M sodium thiosulphate (lOOml); the organic layer was recovered and dried over 
anhydrous MgS04• Removal of the solvent by evaporation afforded a mixture of 
the exo isomer, dimethyl maleate, and unidentified coloured by-products; the endo 
isomer decomposed during this work up procedure The combined products were 
taken up into dichlomethane (100ml), and decolourised with charcoal. After 
filtration the brown solution was chromatographed on a neutral alumina column 
(30mm x 150mm) with dichloromethane as eluent. Evaporation of the solvent 
yielded white crystals and dimethyl maleate; the crystals were recovered by 
filtration and recrystallised from dichloromethane to afford V in 30% yield. (m.pt. 
121.2°C , Lit.99 120-121°C) (Elemental analysis; found: C,56.3%, H,5.7% ; 
calculated for C10H120 5: C,56.6%, H,5.7%) 
2.7.2 Characterisation of monomer V: 
The 1H NMR spectrum of monomer V is shown in Figure 2.12, with the 
chemical shifts recorded in Table 2.9; all the resonances in the spectrum are 
singlets. The proton decoupled 13C NMR spectrum is consistent with the structure 
of monomer V, and is shown in appendix A5, with chemical shifts recorded in 
Table 2.10. 
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lrl Figure 2.12: 1H NMR spectrum of exo,exo-7-oxabicyclo[2.2.1]hept-5-ene-
-2,3-bis(carboxymethyl ester) (monomer V) recorded at 250.133 MHz in CDC13. 
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TABLE 2.9: Principal 1H NMR spectral parameters1 for monomer V (250.133 
MHz, CDCl3). 
shift/ multiplicity inte- assign-monomerV ppm gral ment 
o7 6.39 singlet 2 5,6 
11 5.19 singlet 2 1 '4 
/Me 
0 Me 3.62 singlet 6 10' 11 
0 /to 2 2,3 2 2.75 singlet 
1) with respect to chloroform at 7.26 ppm. 
TABLE 2.10: Principal 13C NMR spectral parameters1 for monomer V (62.896 
MHz, CDCl3). 
monomerV shift/ assignment ppm 
7 
0 172.20 8,9 
11 136.90 5,6 9 /Me 
0 Me 80.72 1 '4 Q/10 
6 2 52.50 10,11 
47.20 2,3 
1) with respect to chloroform at 77.44 ppm. 
The infrared spectrum (appendix B5) of monomer V was recorded from a KBr 
disc, and is consistent with the assigned structure; carbonyl C=O stretch at 
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1770cm-1, and alkane C-H stretches between 2989cm-1 and 2845cm-1. The 
chemical ionisation mass spectrum (appendix C5) has a weak molecular ion at 230 
(M + NH4 +) with a base peak at 145 (C6~04 +) resulting from the retro 
Diels-Alder reaction. 
2.8: Synthesis and characterisation of 
exo-bicyclo[2.2.l]hept-5-ene-2,3-dicarboxy anhydride (VI). 
2.8.1 Synthesis of monomer VI: 
The Diels-Alder reaction between cyclopentadiene and maleic anhydride is 
shown in Figure 2.13, which also records the numbering system employed. 
H 7. 
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0 l)+ o-DCB 0 .... 178°C 
0 VI 
H2 
Figure 2.13: Diels-Alder reaction between maleic anhydride and cyclopentadiene 
to yield monomer VI. 
The ratio of exo to endo adducts produced by this reaction is strongly 
dependant on the temperature; at room temperature the pure endo adduct is 
formed.85 When the reaction is performed at 178°C the thermodynamic 
equilibrium mixture exo to endo of 55:45 is formed.85 
Dicyclopentadiene (66g, 0.5 mol) was added dropwise to maleic anhydride 
52 
(98g, 1.0 mol) in o-dichlorobenzene (200 ml) over a period of two hours. The 
reflux temperature of 178°C was maintained during the addition, and rose to 184°C 
after the addition was complete. After a further two hours the reaction mixture 
was cooled to room temperature and the solid products recovered by filtration. 
The exo adduct has lower solubility in chlorobenzene than the endo adduct, and 
could be isolated by four successive recrystallisations from chlorobenzene to 
afford VI in 30% yield. Monomer VI was found to be 99.5% pure by NMR 
spectroscopy. (m.pt 142.5°C, Lit.85 143.00C) (Elemental analysis; found: 
C,65.6%, H,4.7%; calculated for ~H803 : C,65.9%, H,4.9%). 
2.8.2 Characterisation of monomer VI: 
The 1H NMR spectrum of monomer VI is shown in Figure 2.14, with the 
chemical shifts recorded in Table 2.11. 
Protons H1, H6, Hs and H4 form an A2X2 system with 1s,6-+ 0, 11.4-+ 0, and 
1 1,6 ... 11,5 ... 1. 7 Hz. The small coupling constants observed are consistent with the 
torsion angles between the coupled protons, namely 23.7° between H1 and~. and 
42.7° between H1 and H5. The resonances of protons H1, H6, H5 and H4 are 
further complicated by coupling with the non-equivalent protons H7 and H7.: 1t.7 = 
1.5 Hz; 11 7' ... 0.7 Hz; 16 7''"' 0.8 Hz; 16 7-+ 0. . . . 
The bridgehead protons H7 and H7' form an ABq system, which is coupled to 
protons H1 (= H4), ~ (= H5), and H2 (= H3); ~ = 1.62 ppm and~·= 1.39 ppm, 
with 17,7''"' 10.2 Hz, 17,1'"' 1.5 Hz, 11',1= 0.7 Hz, 11',6= 0.8 Hz, 11.2= 1.5 Hz, 17,6-+ 0, 
11',2-+0. 
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1.1") Figure 2.14: 1H NMR spectrum of exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxy 
anhydride (monomer VI) recorded at 399.952 MHz in CD~l3• 
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TABLE 2.11: Principal 1H NMR spectral parameters1 for monomer VI (399.952 
MHz, CDCl3). 
monomer VI shift/ multiplicity inte- assign-ppm gral ment 
6.34 multiplet 2 5,6 
16,4 = 1.7Hz 
16,1 = 1.7 Hz 
16,1 . = 0.8 Hz 
3.46 multiplet 2 1 '4 
11,6 = 1.7 Hz 
11,5 = 1.7 Hz 
11,7 = 1.5 Hz 
11,7 • = 0.7 Hz 
6 3.02 doublet 2 2,3 2 h1 = 1.5 Hz 
1.70- multiplets 1 7 
1.65 
and ~·= 1.39ppm 
1.47- ~ = 1.62ppm 1 7' 
1.42 17 7' = 10.2 Hz . 
1) with respect to chloroform at 7.26 ppm. 
The proton decoupled 13C NMR spectrum is consistent with the structure of 
monomer VI, and is shown in appendix A6, with chemical shifts recorded in Table 
2.12. The infrared spectrum (appendix B6) of monomer VI was recorded from a 
KBr disc, and contains alkane C-H stretches at 3000cm-1, 2970cm-1, 2950cm-1 and 
2890cm-1, and anhydride C=O stretches at 1860cm-1 and 1775cm-1. The chemical 
ionisation mass spectrum (appendix C6) has a strong molecular ion at 182 (M+ 
NH4 +), and is consistent with the assigned structure. 
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TABLE 2.12: Principal 13C NMR spectral parameters1 for monomer VI (100.577 
monomer VI 
7 
6 2 
1) with respect to chloroform at 77.44 ppm. 
shift/ 
ppm 
171.57 
137.98 
48.77 
46.89 
44.12 
assignment 
8,9 
5,6 
1 '4 
2,3 
7 
2.9: Synthesis and characterisation of 
exo,exo-bicyclo[2.2.l]hept-5-ene-2,3-bis( carboxylic acid) (VID. 
2.9.1 Synthesis of monomer VII: 
The hydrolysis of monomer VI to yield monomer VII is shown in Figure 2.15, 
which also records the numbering system employed. 
VI 
Figure 2.15: Hydrolysis of monomer VI to yield monomer Vll. 
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Monomer VI (50g, 0.28 mol) was dissolved in distilled water (200ml) with 
stirring for 4 hours. After 24 hours colourless crystals formed at the bottom of the 
reaction vessel; the product was filtered after 48 hours to afford Vll as its 
monohydrate in 40% yield. (m.pt. 152°C, Lit.101 153°C) (Elemental analysis; 
found; C,53.9%, H,6.2%; calculated for ~H1004.H20: C,54.0%, H,6.0%). 
2.9.2 Characterisation of monomer VIT: 
The 1H NMR spectrum of monomer VII is shown in Figure 2.16, with the 
chemical shifts recorded in Table 2.13. 
TABLE 2.13: Principal 1H NMR spectral parameters1 for monomer VII (399.952 
MHz,D20). 
monomer VII shift/ multiplicity inte-
assign-
ppm gral ment 
6:33 multiplet 2 5,6 
16•1 = 1.6 Hz 
1 16,4 = 1.6Hz 
3.08 multiplet 2 1 '4 
11,6 = 1.6 Hz 
11,5 ... 1.6 Hz 
2.67 singlet 2 2,3 
2 
2.08 multiplet 2 7, 7' 
2.06 ~ = 2.07ppm 
1.51 ~· = 1.49ppm 
1.48 11,1' = 8.5 Hz 
11',6 ""1.5 Hz 
1) with respect to water at 4.67 ppm. 
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Figure 2.16: 1H NMR spectrum of exo,exo-bicyclo[2.2.l]hept-5-ene-
-2,3-bis(carboxylic acid) (monomer Vll) recorded at 399.952 MHz in D20. 
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Protons H 1, H6, H5 and l4 form an A2X2 system with 15.6- 0, 11.4--+ 0, and 
1 1,6= 11,5 == 1.6 Hz. The bridgehead protons form an ABq system; fry = 2.07 ppm 
and lry· = 1.49 ppm, with 17,7'= 8.5 Hz and 17',6"" 1.5 Hz. 
The proton decoupled 13C NMR spectrum is consistent with the structure of 
monomer Vll, and is shown in appendix A 7, with chemical shifts recorded in 
Table 2.14. 
TABLE 2.14: Principal 13C NMR spectral parameters1 for monomer VD (100.577 
MHz, D20). 
monomerVD shift/ assignment ppm 
7 184.51 8,9 
142.69 5,6 
53.22 1 '4 
2 50.12 2,3 
49.37 7 
1) with respect to (Me3Si)CD2CD2C02Na at 1.70 ppm. 
The infrared spectrum (appendix B7) recorded from a KBr disc contains a 
carbonyl stretch at 1738cm-1, which is consistent with association of carboxylate 
units. The chemical ionisation mass spectrum (appendix C7) contains a base peak 
at 200 (M + NH4 +), and is consistent with the assigned structure. 
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CHAPTER 3: 
SYNTHESIS AND 
CHARACTERISATION 
OF POLYMERS. 
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3.1: Introduction. 
The objectives of the work described in this chapter are the syntheses of high 
molecular weight polymers via aqueous ROMP, and the characterisation of the 
products. The attempted ROMP of monomers II, m, IV, V, and VII using various 
transition metal chlorides as the precursors to the initiating and chain propagating 
species are described. The initiating species are formed in situ, and are not well 
defined. Each is presumed to contain a metal carbene on the basis of analogy 
between the structures of the products and those of ROMP polymers formed in 
well understood processes. 22 
3.2: General Details. 
3.2.1 Reactants: 
The aqueous ROMP of the monomers prepared in chapter 2 was attempted in 
doubly distilled water, and using various transition metal chlorides as the 
precursors to the initiating and chain propagating species. The transition metal 
chlorides, RuC13.3H20, OsC13.3H20, lrC13.3H20, RhC13.3H20 and PdC12 (Aldrich 
Chemical Co. Ltd.), and the solvents (BDH) for the polymer recovery stages, were 
all used as supplied. 
3.2.2 Polymer characterisation: 
The NMR spectra of the polymers prepared in this chapter were recorded 
using a Varian VXR-400-S NMR spectrometer, operating at 399.952 MHz for 1H 
NMR, and 100.577 MHz for 13C NMR. The infrared spectra of the polymers were 
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recorded with either a Nicolet 730 FfiR or a Perkin Elmer 577 infrared 
spectrometer. 
The molecular weights of water soluble polymers, PIVb and PVIIb, were 
assessed by aqueous Gel Permeation Chromatography (GPC) in saline buffer (pH. 
6) of composition 0.141 M sodium chloride, 0.008 M sodium phosphate 
(monobasic) and 0.003 M sodium phosphate (d.ibasic). The equipment comprised 
of a Knauer HPLC 64 pump, Rheodyne 7125 injector with 100J,11 loop, Knauer 
refractive index detector and PLaquagel P3 30cm column (Polymer Laboratories 
Ltd.). Molecular weight calculations were made with a Chromatocorder 12 
integrator (Quadrant Scientific) calibrated with polyethylene oxide standards 
(Polymer Laboratories Ltd.). All molecular weight data for polymers PIVb and 
PVIIb are expressed in polyethylene oxide equivalent molecular weights. 
The molecular weight of THF soluble polymers, Pill and PV, were assessed 
by non-aqueous GPC using THF as eluent. The equipment comprised of a Waters 
model 590 HPLC pump, Waters R401 Refractive Index (RI) detector, Waters U6K 
injection valve with 200J,11 injection loop, and a three column set: 5J,110SA 30cm + 
5JJ. HPA 30cm + 5JJ. 100A 30cm (Polymer Laboratories Ltd.). Molecular weight 
calculations were made with a Chromatocorder 12 integrator (Quadrant Scientific) 
calibrated with polystyrene standards (Polymer Laboratories Ltd.). All molecular 
weight data for polymers Pill and PV are expressed in polystyrene equivalent 
molecular weights. 
3.2.3 Computer modelling: 
Theoretical calculations of bond lengths and angles in the polymers were 
made using a transputer based computer modelling system, custom built for 
Ciba-Geigy Industrial Chemicals. The hardware comprised of 16 !NMOS floating 
point transputers in network with an mM 80 personal computer, and DIGISOLE 
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BGP64 graphics processing unit. The software, based on the commercial 
CHEMMOD package, was custom written for Ciba-Geigy by Dr. D.N.J. White86 at 
the University of Glasgow, and used Newton-Raphson techniques for the energy 
minimisation calculations. 87 
3.3: Synthesis and characterisation of 
poly(2,5-(3,4-bis(methoxymethyl)furanylene)vinylene) <Pnn. 
3.3.1 Polymer syntheses: 
The ROMP process is outlined in Figure 3.1, which also records the 
numbering system employed. 
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Figure 3.1: Aqueous ROMP of monomer Ill to yield polymer Pill. 
The aqueous ROMP of monomer m was attempted using various transition 
metal chlorides as the precursors to the initiating and chain propagating species 
(Table 3.1). In each case, monomer m (lg, 5.4 mmol) was placed in a test tube 
(13mm I.D.) containing water (3.0 ml), and equipped with a magnetic stirring bar. 
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The resulting suspension was stirred at 55±0.1 °C under a normal laboratory 
atmosphere for 30 minutes prior to the addition of an aqueous solution of the metal 
chloride (3.5 ml of a 0.02g/ml solution). The reaction was allowed to proceed for 
two days at 55°C, during which time several colour ch~ges were observed. When 
RuC13.3H20 was used as the precursor to the initiator, the initial brown colour of 
the solution turned crimson red after two hours, and dark green after four hours; 
polymer was seen to precipitate after five hours. When IrC13.3H20 was used in a 
similar manner, the initial green solution turned pale brown after nine hours, and 
dark brown after two days; polymer was seen to precipitate after one day. Finally, 
when OsC13.3H20 was used as the precursor to the initiator, the initial green 
solution turned brown after one hour, with polymer precipitating after two hours. 
No colour changes were observed in the polymerisations attempted using either 
RhC13.3H20 or PdC12 as precursors to the initiators, and no polymers were formed. 
The solid polymeric products of each reaction were recovered by filtration, 
and purified by three successive reprecipitations of a magnesium sulphate dried 
chloroform solution of each polymer into pentane. Product polymers, 
poly(2,5-(3,4-bis(methoxymethyl)furanylene)vinylene)s, Pill, were dried in vacuo 
(5x10·2 Torr, 10 hours) to afford 95% (RuC13.3H20), 95% (0sC13.3H20), 2.0% 
(IrC13.H20), 0% (RhCl3.3H20) and 0% (PdC12) conversions. The elemental 
analyses (appendix D) of each of the polymeric products were consistent with that 
of the expected product, Pill. 
For convenience, PIII-Ru, PIII-Os, and PIII-Ir refer to the ROMP polymer 
prepared by using RuC13.3H20, OsC13.3H20, and IrC13.3H20 as the precursors to 
the initiating and chain carrying species respectively. 
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Figure 3.2: GPC Chromatograms recorded in 1HF for polymers Pm prepared 
using; a) RuC13.3H20; b) OsC13.3H20; and c) IrC13.3H20 as the precursors to th~ 
initiating and chain propagating species. 
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Figure 3.3: Infrat;ed spectra recorded from films cast from acetone of polymers 
Pill prepared using; a) RuC13.3H20; b) OsC13.3H20; and c) IrC13.3H20 as the 
precursors to the initiating and chain propagating species. 
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TABLE 3.1: Aqueous ROMP1 of monomer Ill using various transition metal 
chlorides as the precursors to the initiating and chain propagating species. 
Transition metal compounds used as precursors 
to the initiating and chain propagating species 
RuCl3.3H20 OsC13.3H20 lrCl3.3H20 RhC13.3H20 PdC12 
monomer l.Og l.Og l.Og l.Og l.Og 
catalyst 0.07g 0.07g 0.07g 0.07g 0.07g 
water 6.5ml 6.5ml 6.5ml 6.5ml 6.5ml 
temp. 55°C 55°C 55°C 55°C 55°C 
yield 95% 95% 2% 0%2 0%2 
Mn 150K 5K 20K --- ---
ac3 0.40 0.25 0.10 --- ---
1) duration of polymerisation was two days unless stated. 
2) no polymer formed after one week. 
3) determined by 1H NMR spectroscopy. 
3.3.2 Catalyst choice: 
The aqueous suspension ROMP of monomer m was accomplished using 
RuC13.3H20, OsC13.3H20 and IrC13.3H20 as the precursors to the initiating and 
chain propagating species (Table 3.1 ): under similar reaction conditions 
RhC13.3H20 and PdC12 failed to initiate any polymerisation. This observation is 
consistent with literature repons of the attempted ROMP of norbomene using 
either palladium or rhodium salts as the precursors to the initiating species, which 
either yielded no polymer,64 or the product of a vinyl type polymerisation.79•63 
Michelotti has suggested that, in ethanol, iridium chlorides have considerably 
greater metathesis activity than either ruthenium or osmium chlorides for the 
ROMP of norbomene and some of its derivatives. 62 This trend appears to be 
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reversed for the aqueous ROMP of monomer Ill; ROMP using initiator(s) derived 
from IrC13.3H20 proceeded after a longer induction period, and afforded a lower 
yield, than the ROMP using initiators derived from RuC13.3H20 or OsC13.3H20. 
GPC investigations (Figure 3.2) demonstrate that PIII-Ru is a high polymer, 
whereas both PIII-Os and PIII-Ir are low molecular weight polymers and 
oligomers. Infrared spectra (Figure 3.3) were recorded from films of all these 
samples cast from acetone; they all contain the absorptions of the high polymer 
described by Grubbs:71 C-H stretch at 2980, 2920, 2870, 2820, 2800 cm-1, ether 
C-0 at 1190 and 1100 cm-1, and other fingerprint absorptions at 1475, 1460 and 
1390 cm-1. Several additional absorptions are present in spectrum of PIII-Ru 
(Figure 3.3a) at 1780, 1720 and 1660 cm-1, the latter possibly being the alkene 
C=C stretch, and the former two, the absorptions of impurities; the spectrum of 
PIII-Os contains only the absorptions at 1720 and 1660 cm-1. Significantly, the 
spectrum of PIII-Ir (Figure 3.3c) contains no such additional absorptions, which 
suggests that the C=C vinylene stretching modes in this polymer occur without a 
change in dipole moment. No absorptions due to oligomers or end groups are 
observed in any of the infrared spectra. 
3.3.3 Polymer microstructure: 
The microstructural analysis of poly(norbomene)s has been discussed in 
detail,22 and the analysis established can be applied directly to these heterocyclic 
analogues. Monomer m is symmetrical and therefore cannot give rise to HH, TI 
or HT addition modes; nevertheless, there are several different ways in which the 
repeat unit can be incorporated into the polymer chain. The double bonds may be 
cis or trans, and the allylic methines on either side of the double bonds are chiral 
and may have opposite chirality, giving meso- or m-dyads and isotactic polymer, 
or the same chirality giving racemic- or r-dyads and syndiotactic polymer. Thus, 
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there are four possible homopolymer microstructures and a variety of other 
microstructures determined by cis/trans and meso/racemic dyad sequence effects. 
The stereochemical constraints in the monomer carried over into the polymer result 
in syn relationships between the pairs of methoxymethyls and vinylic-allylic C-C 
bonds, and an anti relationship between the methoxymethyls and vinylic-allylic 
bonds. 
The 1H NMR spectra are shown in Figure 3.4 and their assignments, which 
follow in a straight forward way from the shifts and integrations, are recorded in 
Table 3.2. 
TABLE 3.2: Principal 1H NMR spectral parameters1 of polymer Pill (399.952 
MHz, (CD3hCO). 
polymer Pill H at position chemical shifts /ppm 
1 6and 7 5.72 (trans) 
7 ~-o' 5.52 (cis) --(-c==c 2 5 )n 
4.63 (c)2, 4.54 (c) 3 4 2 and5 
4.20 (t)3 
8 9 
0 0 8 and9 3.46, 3.41 
I \ 
Me Me 10 and 11 3.29 
10 11 
3and4 2.29 
1) with respect to acetone at 2.04 ppm. 
2) "c" refers to a position a to a cis vinylene. 
3) "t" refers to a position a to a trans vinylene. 
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70 Figure 3.4: 1H NMR spectra recorded at 399.952 MHz in (CD3hCO of polymers 
Pm prepared using; a) RuC13.3H20; b) OsC13.3H20; and c) IrC13.3H20 as the 
precursors to the initiating and chain propagating species. 
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The 1H NMR spectra of polymers PID-Ru, PIII-Os, and PIII-Ir contain the 
resonances of the vinylic protons at positions 6 and 7, 5.72 ppm (trans) and 5.52 
ppm (cis) (Figure 3.4). Integration of this region demonstrates that all the 
polymers Pill have predominantly trans double bonds, cr= 0.4 for PIII-Ru, cr= 
0.25 for Plli-Os, and cr= 0.1 for PIII-Ir. The allylic protons on positions 2 and 5 
resonate at 4.20 ppm (adjacent to trans) and 4.54 ppm (adjacent to cis). In the case 
of Plll-Ru (Figure 3.4a) there is an additional signal at 4.63 ppm due to a 
cis-allylic proton, whereas Grubbs and Novak reported only the higher field 
cis-allylic signal for a polymer prepared in a similar manner. 102•72 Since the 
inclusion of the lower field signal is necessary to balance the proton integration, it 
is assumed to be a real part of the spectrum, and is possibly the result of sequence 
effects in the polymer chain. The spectra of both PIII-Os (Figure 3.4b) and 
Pill-Ir (Figure 3.4c) contain only the higher field cis-allylic resonance at 4.54 
ppm, and are consistent with the spectrum described by Grubbs. 72 
The rest of the 1H NMR can be readily interpreted; the methine protons on 
positions 3 and 4 resonate as a broad singlet at 2.29 ppm; methyl protons on 
positions 10 and 11 as a narrow singlet at 3.29 ppm; methine protons on positions 
8 and 9 as a close pair at 3.46 ppm and 3.41 ppm. Additional resonances are 
observed at 2.95 ppm in the spectrum of Plli-Os (Figure 3.4b), and at 2.90 ppm in 
the spectrum of Plli-Ir (Figure 3.4c). Neither of these resonances can be assigned 
as high polymer resonances; it is possible that they are the resonances of the end 
groups, since oligomers are observed in the corresponding GPC chromatograms 
(Figures 3.2b and 3.2c). However, these signals are too intense for end groups and 
a more plausible explanation is that they are the resonances of water, present as a 
contaminant, since no corresponding resonances are observed in the 13C NMR 
spectra (see below). 
The proton decoupled 13C NMR spectra are shown in Figure 3.5 and their 
assignments are recorded in Table 3.3. 
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Figure 3.5: Proton decoupled 13C NMR spectra recorded at H>0.577 MHz in 
(CD3hCO of polymers Pill prepared using; a) RuC13.3H20; b) OsC13.3H20; and 
c) IrC13.3H20 as the precursors to the initiating and chain propagating species. 
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TABLE 3.3: Principal 13C NMR spectral parameters1 of polymer Pm (100.577 
MHz, (CD3hCO). 
7 6 10 
-+c=c \. 2 5 
3 4 
n 
8 9 
0 0 
10/ 
"11 
Me Me 
double bond 
carbon or nearest PlllRu PillOs PIITir 
position double bond /ppm /ppm /ppm 
6and 7 cis 134.23 134.25 134.25 
cis 134.11 134.13 
cis 133.84 
trans 133.39 
trans 133.33 133.30 133.30 
trans 133.20 
trans 133.12 133.13 133.12 
trans 132.97 133.02 
2 and5 trans 82.40 
trans 82.25 82.24 82.26 
trans 82.08 
trans 82.03 82.02 82.05 
trans 81.96 
cis 77.68 77.72 
cis 77.44 
cis 77.36 77.38 77.39 
cis 77.22 
3and4 cis 48.80 
cis 48.77 48.76 
cis 48.34 48.30 48.37 
trans 48.05 48.02 48.10 
trans 47.62 47.61 47.69 
8and9 trans 71.52 
trans 71.41 71.37 71.43 
trans 71.29 
trans 71.15 71.11 71.17 
cis 70.81 70.77 
cis 70.73 
cis 7054 1054 70.59 
cis 70.51 
10 and 11 58.90 58.90 58.90 
1) with respect to acetone at 29.82 ppm. 
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Proton decoupled 13C NMR spectra and Attached Proton Test (APT)103 
spectra for polymers Pill-Ru, PIII-Os and Pill-Ir are presented in Figures 3.6, 
3.7 and 3.8 respectively. Each polymer spectrum consists of a group of vinylic 
resonances (135-132 ppm, compared in Figure 3.9, C-6 and C-7), allylic 
resonances (82.5-77 ppm, compared in Figure 3.10, C-2 and C-5), methine 
resonances (49-47 ppm, compared in Figure 3.11, C-3 and C-4), methylene 
resonances (72-70 ppm, compared in Figure 3.12, C-8 and C-9) and methyl 
resonances (approx. 58.90 ppm).71 The spectra of PIII-Ir are the simplest, and 
those of PIII-Ru are the most complicated. 
The spectra of polymers PIII-Os and Plli-Ir contain no resonances other than 
those arising from the expected ROMP polymers. This suggests that the additional 
resonances observed in the 1H NMR spectra of these polymers (Figures 3.4b and 
3.4c) result from an impurity containing no carbon, possibly water. No end group 
resonances are observed in the 13C NMR spectra of either of these polymers, 
which might be interpreted on the basis that the oligomers observed in the GPC 
chromatographs (Figure 3.2b and 3.2c) are cyclic, although such a deduction 
cannot be proved using the evidence of this 13C NMR data. 
A major problem encountered in the assignment of the spectra of polymers of 
this type is in the determination of tacticity and/or sequence effects. 22 There are 
four possible assembly modes for polymers prepared by ROMP from symmetrical 
monomers; cis isotactic, cis syndiotactic, trans isotactic and trans syndiotactic 
(section 1.4.5). Therefore, if more than four resonances are observed for a 
particular carbon they must arise from tacticity and/or sequence effects. 
However, it is not necessarily the case that such structures will result in 
distinguishable shifts. The methods employed by lvin to determine the relative 
.. 
effect of sequence and tacticity on chemical shift require the ROMP of 
unsymmetrical monomers, and his analysis cannot be used in this case since the 
polymer is prepared from a symmetrical monomer. 104 
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Figure 3.9: Expansion of the proton decoupled 13C NMR spectra recorded at 
100.577 MHz in (CD3hCO of polymers PID prepared using; a) RuC13.3H20; b) • 
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The expansion of the 13C NMR spectrum of polymer PIII-Os (Figure 3.9b) 
contains two resolved resonances resulting from cis vinylenes (134.25 and 134.13 
ppm), and four resulting from trans vinylenes (133.39, 133.30, 133.13 and 133.02 
ppm)(Table 3.3). The origin of this multiplicity cannot be unambiguously assigned 
on the basis of 13C NMR data in the absence of supporting evidence. If one 
considers a simple trans vinylene carbon, it can exist in a meso or racemic dyad 
environment (two possible resonances). If the nearest vinylenes influence its shift, 
three resonances are possible (etc, ttc = ctt, and ttt), and if the next nearest ring 
stereochemistry is important we have more possible environments: mmm, mmr, 
rmm, rmr, mrr, mn, mrm, and rrr. Clearly the number of possible environments 
for a central trans vinylen~ multiplies considerably in pentad or higher sequences. 
Since there are four signals for a trans vinylene in this spectrum, it is certain that 
Pill-Os is not tactic, but it is not possible to assign these signals. The 
corresponding spectrum of Plll-Ru (Figure 3.9a) contains at least six resonances 
with approximately similar chemical shifts to those observed in the spectrum of 
Plli-Os, and an additional cis vinylene resonance at 133.84 ppm. Again the 
polymer is not tactic but no unambiguous deductions can be made concerning the 
detailed assignment of the microstructure. The spectrum of Plll-Ir (Figure 3.9c) 
contains one cis resonance at 134.25 ppm, one major trans resonance at 133.30 
ppm, and two minor trans resonances at 133.20 and 133.12 ppm. This is consistent 
with a polymer containing predominantly trans backbone bonds (cr= 0.1). 
The allylic carbons (C-2 and C-5) allow an unambiguous assignment of 
vinylene content since it is invariably found in polymers of this kind that cis-allylic 
carbon signals occur approximately 5 ppm upfield from those arising from 
trans-allylic carbons (Figure 3.10).22 The expansion of the proton decoupled 13C 
NMR spectrum of polymer Plll-Os in this region (Figure 3.10b) contains at least 
four resonances, two resulting from carbons adjacent to trans double bonds (82.24 
and 82.02 ppm), and two resulting from carbons adjacent to cis double bonds 
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(77.72 and 77.38 ppm). In this case it is not possible to determine whether 
splitting of cis- and trans-allylic carbons is due to tacticity and/or sequences 
effects. Note several other minor resonances may be obsquered. The 
corresponding spectrum of PIII-Ir (Figure 3.10c) contains only the higher field 
cis-allylic resonance, and is consistent with the spectrum of the vinylic region of 
the same polymer, which contains only one cis resonance (Figure 3.9c). The 
spectrum of the trans-allylic region of PIII-Ir (Figure 3.10c) contains one major 
resonance at 82.05 ppm, and three relatively minor resonances; sequence/tacticity 
effects must be present. The spectrum of PIII-Ru (Figure 3.10a) contains eight 
resonances, four corresponding to trans-allylic carbons, and four to cis-allylic 
carbons. Again, sequence/tacticity effects must be present. Comparison with the 
corresponding region in the 1H NMR spectrum (Figure 3.4a), which contained two 
cis-allylic resonances, reinforces the earlier argument that sequence effects are 
observed in the spectra of PIII-Ru, possibly resulting from blockiness. 
The tacticity/sequence effects observed in the spectra of the vinylic and allylic 
carbons are also observed in the spectra of the methine carbons C-3 and C-4 
(Figure 3.11). The spectrum of PID-Os (Figure 3.11b) contains resonances for 
carbons 13 to cis double bonds at 48.76 and 48.30 ppm, and resonances 13 to trans 
double bonds at 48.02 and 47.61 ppm. The spectrum of PIII-Ru (Figure 3.11a) is 
somewhat more complicated in the methine region, presumably due to additional 
sequence effects, and the spectrum ofPIII-Ir (Figure 3.11c) simpler. 
The stereochemical constraints of the polymer backbone affect the chemical 
environment of the pendant groups, carbons C-8 and C-9 (Figure 3.12). Sequence 
effects are observed in the spectrum of PIII-Ru (Figure 3.12a), and may be present 
in polymers PID-Os (Figure 3.12b) and PIII-Ir (Figure 3.12c), but this cannot be 
conclusively established. 
In summary, the 13C NMR spectroscopic data indicates the PID-Ru and 
PID-Os are atactic, and that PIII-Ir is highly trans, but of uncertain tacticity. 
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3.3.4 Computer modelling of polymer Pill: 
The geometry of the various possible repeat unit structures has been examined 
using the molecular modelling package developed for Ciba-Geigy Industrial 
Chemicals. 86 The process involved modelling four tetramer blocks of polymer 
Pill, each block being of a single tacticity; cis isotactic (Figure 3.13), cis 
syndiotactic (Figure 3.14), trans syndiotactic (Figure 3.15), and trans isotactic 
(Figure 3.16). The potential energy of each block was calculated as the sum of the 
bond, Van der Waals, and bond strain energies. The overall potential energy of 
each model could be altered by moving any of the atoms or bonds; this process 
eventually leading to a conformation of minimum energy for each block. The 
bond angles and lengths of each of the four models were measured when the 
minimum energy conformation was found, although care must be taken in this type 
of examination since the bonds of a real polymer are not static. 
The allylic protons in each of the four possible polymer assembly modes are 
twisted out of a vertical plane drawn through the axis of the vinylic bond (Figures 
3.13, 3.14, 3.15 and 3.16). In the cases of both the trans isomers (Figures 3.15 and 
3.16) and syndiotactic cis isomer (Figure 3.14), the allylic protons on each side of 
the bond are found on opposite sides of the plane. In these three conformations, 
the polymer is free to rotate around the vinylic-allylic bond giving an equilibrium 
resonance with the allylic protons exactly in the plane. In the case of isotactic cis 
isomer (Figure 3.13), both allylic protons are found on the same side of the plane, 
the side that also contains the polymer side groups. Rotation in this conformation 
is hindered by the steric bulk of the side groups, the result being that the allylic 
protons can not easily pass through the plane. Consequently the equilibrium 
resonance of a cis isotactic block has both allylic protons one side of the plane, 
hence a different environment as compared with non-blocky cis isotactic bonds. 
This modelling study provides a basis for rationalisation of the 1 H NMR spectral 
analysis presented in section 3.3.3. 
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Figure 3.13: Isotactic cis bond in polymer PITI. 
(note: for convenience, side groups are not shown) 
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Figure 3.14: Syndiotactic cis bond in polymer Pill. 
(note: for convenience, side groups are not shown) 
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Figure 3.15: Syndiotactic trans bond in polymer Pill. 
(note: for convenience, side groups are not shown) 
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Figure 3.16: Isotactic trans bond in polymer Pili. 
(note: for convenience, side groups are not shown) 
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3.3.5 Conclusions on the microstructures of PIII-Ru, PIII-Os and PIII-Ir: 
The 13C and 1 H NMR spectra are self-consistent and reveal sequence/tacticity 
effects present in all polymers. The effect of sequence on the chemical shifts is 
particularly strong in the case of PIII-Ru, as observed in the spectra of the 
cis-vinylic (Figure 3.9a) and cis-allylic (Figure 3.10a) regions. It is possible that 
one of the cis-allylic proton resonances (Figure 3.4a) results from isotactic blocks 
since in this conformation the rotation of the polymer backbone about the methine 
carbons 2 and 5 is hindered; the two non blocky cis isomers have no such 
restrictions and experience a different chemical environment to that of the cis 
isotactic blocks (Figures 3.13 and 3.14). The trans isomers are free to rotate and 
are observed in only one environment (Figures 3.15 and 3.16). 
3.4: Synthesis and characterisation of 
polv(2,5-(3,4-bis(carboxvmethyl)furanylene)vinylene) (PV). 
3.4.1 Polymer synthesis: 
The ROMP process Is outlined in Figure 3.17, which also records the 
numbering system employed. 
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Figure 3.17: Aqueous ROMP of monomer V to yield polymer PV. 
0 
\ 
Me 
11 
n 
0 
89 
The polymerisation of monomer V was attempted only once, since it was 
suspected of being a toxic substance. 
Polymer PV was prepared by placing monomer V (lg, 4.7mmol) in a test tube 
containing water (3 ml) and equipped with a magnetic stirring bar. The resulting 
mixture was stirred at 55±o.l °C under a normal laboratory atmosphere for 30 
minutes prior to the addition of an aqueous solution of RuC13.3H20 (3.5 m1 of a 
0.02g/ml solution). The reaction was allowed to proceed for two days at 55°C, 
during which time the colour of the reaction solution changed from brown to 
crimson red, and finally to green after four hours. The solid polymeric product 
was recovered by filtration, and purified by three successive reprecipitations of a 
magnesium sulphate dried chloroform solution of the polymer into diethyl ether. 
The polymer product, poly(2,5-(3,4-bis(carboxymethyl)furanylene)vinylene), PV, 
was dried in vacuo (5xi0-3 Torr, 4 hours) to afford 60% yield of high polymer (Mn 
= 68K). 
The infrared spectrum of the polymer (Appendix B8) was consistent with the 
expected structure: C-H stretch at 2990, 2950 2940 and 2820 cm·1 and C=O stretch 
at 1765 cm·1; as was the elemental analysis (found: C,55.8%, H,5.4%, 
ruthenium->0.1%; calculated for (Cu#120s)n: C-56.6%, H-5.7%). 
3.4.2 Polymer microstructure: 
The microstructural analysis of polymer PV was made with reference to its 
analogue, polymer Pill, and the assumptions made in section 3.3 are applied here. 
The 1H NMR spectrum of polymer PV is shown in Figure 3.18 and its assignment, 
which follows in a straight forward way from the shifts and integrations, is 
recorded in Table 3.4. 
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Figure 3.18: 1H NMR spectrum recorded at 399.952 MHz in (CD3hCO of polymer 
PV prepared using RuCI3.3H20 as the precursor to the initiating and chain 
propagating species. 
H10 H11 
0 0 
/10 "- II Me M" 
-
Mn=- 68K 
li._~H7 
Hr 
l H-Hs L '· C l H2Hs, 
.-- ----,--------w-----..------.... 
6 5 ppm 4 3 2 
TABLE 3.4: Principal 1H NMR spectral parameters1 of polymer PV (399.952 
polymerPV H at position chemical shifts (ppm) 
-f7 6 6 and 7 5.91 (trans), 5.63 (cis) a:::c 
2 and5 5.04 (c)2, 4.69 (t)3 
0 0 10 and 11 3.65 
I '\ 
Me Me 3 and4 3.20 10 11 
1) with respect to acetone at 2.04 ppm. 
2) "c" refers to a position a to a cis vinylene. 
3) "t" refers to a position a to a trans vinylene. 
The 1H NMR spectrum of polymer PV contains multiple vinylic resonances, 
corresponding to protons attached to positions 6 and 7, principally at 5.91 ppm 
(trans) and 5.63 ppm (cis) (Figure 3.18). Integration of this region provides 
unambiguous evidence that the polymer contains predominantly cis vinylic bonds, 
ac= 0.6. Similar polymers prepared by Rooney via aqueous ROMP of 
7 -oxa-2,3-bismethoxycarbonylbicyclo[2.2.1 ]hepta-2,5-diene using RuC13.3H20 as 
the precursor to the initiator have a lower cis content (c:r:= 0.1).74 
The allylic protons on positions 2 and 5 resonate at 4.69 ppm (adjacent to 
trans) and 5.04 ppm (adjacent to cis), both resonances being considerably 
downfield from the resonaJ?ces of the corresponding protons in polymer Pill 
(Figure 3.4a). The cis-allylic resonance in the 1H NMR spectrum of PV has a 
shoulder at low field, but does not show well resolved peaks seen in the spectrum 
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of PIII~Ru (Figure 3.4a), even though polymer PV has a greater cis content. 
Presumably there are either no blocks of cis isotactic bonds in this polymer, or the 
effect of blockiness on chemical shift is small. The rest of the spectrum can be 
readily interpreted; the methine protons on positions 3 and 4 resonate as a singlet 
at 3.20 ppm and the methyl protons on positions 10 and 11 as a singlet at 3.65 ppm. 
The 13C NMR spectrum of polymer PV is shown in Figure 3.19, and its APT 
spectrum103 in Figure 3.20; assignments are recorded in Table 3.5. 
TABLE 3.5: Principal 13C NMR spectral parameters1 of polymer PV (100.577 
MHz, (CD3hCO). 
polymerPV C at position chemical shifts (ppm) 
8 and9 171.72, 171.58, 171.55 
1 
0 6 and 7 133.06, 133.00 (cis) 
132.13 (trans) 
2 and5 81.48(t),2 81.41(t) 
0 78.28(c),3 78.11(c) 
0 0 78.03(c) I \ 
Me Me 3 and4 54.56(c), 52.36(t) 
10 11 
10 and 11 52.46 
1) with respect to acetone at 29.82 ppm. 
2) "t" refers to a position a or~ to a trans vinylene. 
3) "c" refers to a position a or~ to a cis vinylene. 
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Figure 3.19: Proton decoupled 13C NMR spectrum recorded at 100.577 MHz in 
(CD3hCO of polytner PV prepared using RuC13.3H20 as the precursor to the 
initiating and chain propagating species. c2 c5 t c2 esc 
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Figure 3.20: APT and proton decoupled 13C NMR spectra recorded at 100.577 
MHz in (CD3hCO of polymer PV prepared using RuC13.3H20 as the precursor to 
the initiating and chain propagating species. 
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Multiple resonances are observed for each of the backbone carbon atoms in 
the 13C NMR spectrum of polymer PV (Figure 3.19). The principal resonance of 
the trans vinylic carbons is at 132.13 ppm, although a total of four resonances are 
observed. Similarly, there are at least four resonances associated with cis vinylic 
carbons, with principal resonances at 133.06 and 133.00 ppm. Using the 
arguments developed in section 3.3 it is clear that the polymer is atactic. 
The 13C NMR spectrum of the allylic carbons 3 and 4 contains multiple 
resonances for both cis- and trans-allylic carbons, whereas the 1H NMR spectrum 
of the same region contains only two broad resonances, one cis- and one 
trans-allylic, with a shoulder on the cis-allylic resonance. This can be compared to 
the 1H NMR spectrum of PIII-Ru (Figure 3.4a) contained two cis-allylic 
resonances, one of which was provisionally assigned as resulting from cis-isotactic 
blocks. Multiple resonances are also observed for the methine carbons 3 and 4, 
and again sequence and/or tacticity effects must be present. 
3.4.3 Conclusions on the microstructure of polymer PV: 
Detailed assignment of the spectra of ROMP polymers is impossible unless 
several samples of different microstructure are compared, which was not possible 
in this case. The spectra of a single sample led to the conclusion that polymer PV, 
prepared using RuC13.3H20 as the precursor to the initiator, contains 
predominantly cis double bonds (oC = 0.6), and is probably atactic. 
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3.5: Synthesis and characterisation of 
poly(2,5-(3,4-bis(carboxylic acid)furanylene)vinylene) (PIV). 
3.5.1 Polymer syntheses: 
The ROMP process Is outlined in Figure 3.21, which also records the 
numbering system employed. 
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7 6 
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.. 
0 
0 
PIVII 
1 
0 
NaOH 
/H20 
0 
0 
' H 
Figure 3.21: Aqueous ROMP of monomer IV to yield polymer PIV: conversion of 
polymer PIV to polymer PIVb. 
The aqueous ROMP of monomer IV was attempted using various transition 
metal chlorides as the precursors to the initiating and chain propagating species 
(Table 3.6). In each case, monomer IV (lg, 5.4 mmol) was placed in a test tube 
--------- ------ ------
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(13mm I.D.) containing water (3.0 ml), and equipped with a magnetic stirring bar. 
The resulting solution was stirred at 55±0.1 °C under a normal laboratory 
atmosphere for 10 minutes prior to the addition of an aqueous solution of the metal 
chloride (3.5 ml of a 0.02g/ml solution). 
TABLE 3.6: Aqueous ROMP1 of monomer IV using various transition metal 
chlorides as the precursors to the initiating and chain propagating species. 
Transition metal compounds used as precursors 
to the initiating and chain propagating species 
RuC13.3H20 OsC13.3H20 IrC13.3H20 RhC13.3H20 PdC12 
monomer l.Og l.Og l.Og l.Og l.Og 
catalyst 0.07g 0.07g 0.07g 0.07g 0.07g 
water 6.5ml 6.5ml 6.5ml 6.5ml 6.5ml 
temp. 55°C 55°C 55°C 55°C 55°C 
yield 95% 80% 0%2 0%2 0%2 
Mn >100K3 >100K3 --- --- ---
ac3 0.6if 0.60 --- --- ---
-0.9if.5 
1) duration of polymerisation was two days unless stated. 
2) no polymer formed after one week. 
3) polymers were partially excluded from the GPC column. 
4) determined by 1H NMR spectroscopy. 
5) polymerisations were irreproducible. 
The reaction was allowed to proceed for two days at 55°C, during which time 
several colour changes were observed. When RuC13.3H20 was used as the 
precursor to the initiator, the initial brown colour of the solution turned crimson 
red three hours after its addition to the monomer solution, and dark green after six 
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hours; a polymeric hydrogel was formed after twelve hours. When OsC13.3H20 
was used in a similar manner, the initial green colour of the solution turned brown 
after one hour, with polymer hydrogel formed after 36 hours. No colour changes 
were observed in any of the other reactions, and no polymers were formed. 
The product polymers, poly(2,5-(3,4-bis(carboxylic acid)furanylene)-
-vinylene)s, PIV, were recovered by filtration, and thoroughly washed with dilute 
hydrochloric acid (10% w/w). The disodium salts of the polymers, PIVb, were 
recovered by addition of the solid diacid polymers PIV ( l.Og) to aqueous sodium 
hydroxide (10 ml, 30 wt%) followed by filtration and precipitation into methanol 
(100 ml). Polymers PIVb were purified by three successive reprecipitations into 
methanol from water then recovered by filtration and finally dried and stored under 
vacuum to afford 95% (RuC13.3H20), 80% (0sC13.3H20) conversions. 
The elemental analyses (appendix D) of the polymers PIVb were consistent 
with ROMP polymer salts containing dibasic repeat unit. 
3.5.2 Catalyst choice: 
The aqueous ROMP of monomer IV was accomplished using both 
RuC13.3H20 and OsC13.3H20 as the precursors to the initiating and chain 
propagating species, although in the latter case the polymerisation was 
irreproducible (Table 3.6). Generally, ROMP using OsC13.3H20 as the precursor 
to the initiating and chain propagating species produced polymer with 60% cis 
vinylenes (Figure 3.22c), but once a polymer containing 90% cis vinylenes was 
produced (Figure 3.22b), and frequently the reactions failed. This result is 
surprising, since OsC13.3H20 has been successfully employed in ethanol for the 
polymerisation of acid funcrlonalised norbornenes.75 Previous studies with osmium 
initiators also reported ether ring opening as a competitive reaction,74 although no 
evidence for this was observed in the spectra of polymers prepared here. 
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It is surprising that IrC13.3H20 failed to initiate the polymerisation of 
monomer IV in view of previous successful polymerisations of other acid 
functionalised monomers in ethanol, 105 although Rooney also reported failure for 
the attempted aqueous ROMP of some 7-oxanorbomadiene derivatives.74 
Similarly, rhodium and palladium chlorides have so far failed to initiate the 
aqueous ROMP of monomer IV, although very little success with such systems has 
been reported (cf. ROMP of monomer III in section 3.3.2)_79,63,71 
3.5.3 Polymer microstructure: 
The 1H NMR spectra are shown in Figure 3.22 and their assignments, which 
follow in a straight forward way from the shifts and integrations, are recorded in 
Table 3.7. 
TABLE 3.7: Principal 1H NMR spectral parameters1 of polymer PIVb (disodium 
salt) (399.952 MHz, D20). 
polymer PIVb Hat position chemical shifts (ppm) 
6 and 7 5.70 (trans) 
5.44 (cis) 
2 and5 4.99 (c)2 
4.57 (t)3 
0- 0- 3and4 2.85 
Na+ Na+ 
1) with respect to water at 4.67 ppm. 
2) "c" refers to a position a to a cis vinylene. 
3) "t" refers to a position a to a trans vinylene. 
100 
Figure 3.22: 1H NMR spectra recorded at 399.952 MHz in D20 of polymers PIVb 101 
prepared using; a) RuC13.3H20; b) OsC13.3H20; and c) OsC13.3H20 as the 
precursors to the initiating and chain propagating species. 
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The microstructural analysis of the high polymers PIVb was made with 
reference to their analogues, polymers PID, and the assumptions made in section 
3.3 were applied here. 
The vinylic protons (6 and 7) resonate at 5.70ppm (trans) and 5.44ppm (cis), 
both as broad signals. The allylic protons on positions 2 and 5 resonate at 4.99ppm 
(adjacent to cis) and 4.57ppm (adjacent to trans), although the latter resonance is 
partially concealed by the solvent resonances; the integration of this region is 
consistent with the integration of the vinylic region. Finally, methine protons on 
positions 3 and 4 resonate together at 2.85ppm. From this analysis, the polymers 
PIVb have predominantly cis double bonds, ac = 0.6 for RuC13.3H20 (Figure 
3.22a), and ac = 0.9 or 0.6 for OsC13.3H20 (Figures 3.22b and 3.22c respectively). 
Only the 13C NMR spectrum of the polymer prepared using RuC13.3H20 as 
the precursor to the initiating and chain propagating species is discussed (Figure 
3.23). The assignment of the spectrum is recorded in Table 3.8. 
All the resonances in the spectrum of PIVb are broader than those observed in 
the spectra of other related polymers (see sections 3.3 and 3.4), and little fine 
structure can be resolved. The carbonyl carbons (8 and 9) resonate as a multiplet 
centred at 182.28 ppm; the observation of multiple carbonyl resonances was also 
reported in the 13C NMR spectra of related ester functionalised polymers. 75 These 
multiple resonances result from carbons with different stereochemical 
environments, and are manifestations of sequence and/or tacticity effects in the 
main chain being transmitted into the pendant groups. 
The allylic carbons at positions 2 and 5 allow unambiguous assignment of the 
vinylene content since cis-allylic resonances occur approximately 5 ppm upfield of 
trans-allylic resonances.23 Allylic carbons adjacent to trans vinylenes are 
observed at 85.95 and 85.65 ppm, and those adjacent to cis at 81.60 and 81.13 
ppm. Following the arguments developed in section 3.3.3, tacticity and/or 
sequence effects are present. 
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Figure 3.23: Proton decoupled 13C NMR spectrum recorded at 100.577 MHz in 
D20 of polymer PIVb prepared using RuC13.3H20 as the precursor to the 
initiating and chain propagating species. 
~t=c-< 
0=~ '?=:;_~:() 
o· a· 
Na+ Na' 
Mn= 100K 
8 9 
I 
.-80 
6c 7c 
\ 
\ 
6t 7t 
I 
\ 
\ 
ppm 
2t 
St 
\ 
I~ 
2c 
Sc 
I 
2c 
Sc 
r· 
2t 
St 
TABLE 3.8: Principa1 13C NMR spectral parameters1 of polymer PIVb (disodium 
salt) (100.577 MHz, D20). 
polymer PIVb C at position chemical shifts (ppm) 
8 and9 182.44, 182.28 
6and 7 136.78, 136.44 (cis) 
136.18 (trans) 
2and5 85.95, 85.65 (t)2 
81.56, 81.13 (c)3 
0- 0- 3 and4 60.56 (c), 60.34 Na+ Na+ 
59.83 (t) 
2) "t" refers to a position a or~ to a trans vinylene. 
3) "c" refers to a position a or~ to a cis vinylene. 
The fine structure observed in the allylic region is consistent with the multiple 
resonances observed in the vinylic region (C-6 and 7): cis signals at 136.78ppm 
and 136.44ppm and trans at 136.18ppm. Finally, the me thine carbons at positions 
3 and 4 are observed as a group of three resonances, the low field resonances 
(60.56 ppm) resulting from carbons~ to cis vinylenes and the high field resonance 
from a carbon ~ to a trans vinylene. The central resonance at 60.33 ppm cannot be 
unambiguously assigned. 
104 
3.6: Attempted aqueous ROMP of 
poly(2,5-(3,4-bis( carboxylic acid)pentylene )vinylene) (PVD). 
3.6.1 Attempted polymer synthesis: 
The ROMP process attempted is shown in Figure 3.24, which also records the 
numbering system employed for these polymers. 
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Figure 3.24: Attempted aqueous ROMP of monomer Vll. 
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The polymerisation of monomer Vll via aqueous ROMP was attempted using 
RuC13.3H20 as the precursor to the initiating and chain propagating species. In the 
ftrst series of experiments, the monomer and transition metal concentrations were 
constant, and the temperature was altered (Table 3.9). 
In each case, monomer VII (lg, 5.4 mmol) was placed in a test tube (13mm 
J.D.) containing water (3.0 ml}, and equipped with a magnetic stirring bar. The 
resulting solution was stirred at the required temperature under a normal laboratory 
atmosphere for 10 minutes prior to the addition of an aqueous solution of 
RuC13.3H20 (3.5 ml of a 0.02g/ml solution). The solution was stirred for two days 
at the same temperature, du~g which time no colour change was observed in the 
reaction solution, and no polymer was formed. The disodium salt of the monomer, 
Vllb, was recovered by addition of the contents of the reaction vessel to aqueous 
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sodium hydroxide (10 ml, 30 wt%) followed by filtration and precipitation into 
methanol (100 ml). In all cases approximately 90-95% of the monomer was 
recovered as its disodium salt. 
TABLE 3.9: Attempted aqueous ROMP1 of monomer Vll. 
monomer l.Og l.Og l.Og l.Og l.Og 
catalyst 0.07g 0.07g 0.0.7g 0.07g 0.07g 
water 6.5ml 6.5ml 6.5 ml 6.5ml 6.5 ml 
temp. 35°C 45°C 55°C 65°C 75°C 
yield 0% 0% 0% 0% 0% 
1) duration of experiment was two days. 
The polymerisation of monomer VII by aqueous ROMP was also attempted 
by altering the concentration of RuC13.3H20, and in some cases the temperature 
(Table 3.10). In each case, monomer VII (lg, 5.4 mmol) was placed in a test tube 
(13mm I.D.) containing water (3.0 ml), and equipped with a magnetic stirring bar. 
The resulting solution was stirred at the required temperature under a normal 
laboratory atmosphere for 10 minutes prior to the addition of an aqueous solution 
of RuC13.3H20 (3.5 ml of various concentrations). The solution was stirred for 
two days at the initial temperature, during which no colour change was observed in 
the reaction solution, and no polymer was formed. The disodium salt of the 
monomer, Vllb, was recovered by addition of the contents of the reaction vessel to 
aqueous sodium hydroxide (10 ml, 30 wt%) followed by filtration and precipitation 
into methanol (100 ml). In all cases approximately 90-95% of the monomer was 
recovered as its disodium salt. 
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TABLE 3.10:. Attempted aqueous ROMP1 of monomer VII. 
monomer l.Og l.Og l.Og l.Og l.Og 
catalyst 0.04g 0.07g 0.14g 0.04g 0.14g 
water 6.5ml 6.5ml 6.5ml 6.5ml 6.5 ml 
temp. 55°C 55°C 55°C 75°C 75°C 
yield 0% 0% 0% 0% 0% 
1) duration of experiment was two days. 
3.6.2 Discussion: 
In this study, monomer VII could not be polymerised via aqueous ROMP 
using RuC13.3H20 as the precursor to the initiating and chain propagating species. 
However, these preliminary experiments do not rule out the possibility of the 
aqueous ROMP of monomer VII, since early publications have reported that 
IrC13.3H20 in water105, and both RuC13.3H20 and OsCl3.3H20 in ethanol75 were 
effective for the ROMP of exo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid. The 
aqueous ROMP of monomer VII may be possible with other catalyst precursors, or 
at different temperatures and concentrations, since the initiating species must be 
generated in situ. 
Polymer PVIIb can be prepared by the non-aqueous ROMP of monomer VI, 84 
followed by caustic hydrolysis of the product. As an example, the 13c NMR 
spectrum (Figure 3.25) and infrared spectrum (Appendix B9) of polymer PVIib 
are displayed; 13C NMR assignments are recorded in Table 3.11. 
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Figure 3.25: Proton decoupled 13C NMR spectrum recorded at 100.577 MHz in 
D20 of polymer PVllb prepared using WC16 as the precursor to the initiating and 
· chain propagating species. 
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TABLE 3.11: Principal 13C NMR spectral parameters1 of polymer PVIIb 
(disodium salt) (62.89 MHz, D20). 
polymer PVIIb C at position chemical shifts (ppm) 
8 and9 182.38 
7 6 6and 7 133.93 (cis), 133.89(cis) 
--r-e-o 132.50(trans) 
3 and4 57.78(c)2, 56.79(t)3 
0- 0- 2 and5 45.84(t), 41.25(c) 
Na+ Na+ 
1 41.45(cc)4, 41.05(ct)5 
40.60(tt)6 
2) "c" refers to a position a. to a cis vinylene. 
3) "t" refers to a position a. to a trans vinylene. 
4) "cc" refers to a position~ to two cis vinylenes. 
5) "ct" refers to a position ~ to a cis vinylene and a trans vinylene. 
6) "tt" refers to a position~ to two trans vinylenes. 
3.7: Synthesis and characterisation of 
poly(2,5-(3,4-bis(hydroxymethyl)furanylene)vinylene) (PII). 
3. 7.1 Polymer synthesis: 
The ROMP process attempted is shown in Figure 3.26, which also records the 
numbering system employed. 
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Figure 3.26: Aqueous ROMP of monomer IT to yield polymer Pll. 
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The aqueous ROMP of monomer IT was attempted using RuC13.3H20 as the 
precursor to the initiating and chain propagating species. Monomer IT (l.Og, 5.43 
mmol) was placed in a test tube (13mm J.D.) equipped with a magnetic stirring 
bar. The resulting solution was stirred at 55±0.1 °C for 30 minutes prior to the 
addition of an aqueous solution of RuC13.3H20 (3.5 ml of a 0.02g/ml solution). 
The reaction was allowed to proceed for two days at 55°C, during which time the 
colour of the reaction solution turned from its initial brown, to a dark green colour. 
Polymeric gel was precipitated after 5 hours, as the supernatant 1olution changed 
from dark green to pale green/brown. 
The product polymer, obtained in 80% yield, was analysed by 13C NMR 
spectroscopy (Figure 3.27), but did not appear to be a pure ROMP polymer. This 
was an unexpected result since other workers have reported the aqueous ROMP of 
II. 72 The polymer was slightly swellable in THF but not soluble, which implies 
that cross-linking has occurred, and consequently no molecular weight analysis has 
been performed. A study of the purity of the transition metal chlorides used in this 
work has not been undertaken, but is clearly important with respect to future 
development of this field. 
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Figure 3.27: Proton decoupled 13C NMR spectrum recorded at 100.577 MHz in 111 
(CD3hSO of polymer Pll prepared using RuC13.3H20 as the precursor to the 
initiating and chain propagating species. 
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CHAPTER 4:. 
SYNTHESIS AND 
CHARACTERISATION 
OF OLIGOMERS. 
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4.1: Introduction. 
The objectives of this chapter are the synthesis of oligomers by aqueous 
ROMP, and their characterisation. Oligomers can be formed by cross-metathesis 
of a chain propagating species with an acyclic olefm, termed a Chain Transfer 
Agent (CTA) (Figure 1.8): in this chapter, cis-but-2-ene-1 ,4-diol (Vlll), 
cis-1,4-dimethoxybut-2-ene (IX), acrylic acid (X), and maleic acid (XI) are all 
employed as potential CTA 's. 
In chapter 3 it was observed that the aqueous ROMP reaction proceeded to 
high yield using RuC13.3H20 as the precursor to the initiating and chain 
propagating species; with other initiators the reactions were either irreproducible, 
or proceeded to low yield. In view of these fmdings, the ROMP of monomers Ill, 
IV, and Vll were attempted in the presence of the various acyclic olefins, using 
RuC13.3H20 as the precursor to the initiating and chain propagating species. 
4.2: General Details. 
4.2.1 Reactants: 
The water for the polymerisations was doubly distilled. Cis-but-2-ene-1,4-diol 
(Vlll) (Aldrich, 95% cis) was doubly distilled under nitrogen (b.pt.15= 131.00C, 
lit.106 b.pt.16= 132.00C} , and isolated as 99.7% pure (assessed by 1H NMR 
spectroscopy). Cis-1,4-dimethoxybut-2-ene (IX) was synthesised by methylation 
of cis-but-2-ene-1,4-diol, doubly distilled under nitrogen (b.pt. 700 = 138.1 °C,lit 107 
b.pt.760= 138.0-138.5°C), and isolated as 99.5% pure (assessed by 1H NMR 
spectroscopy). RuC13.3H20 (Aldrich Chemical Co. Ltd.), acrylic acid (X) 
(Aldrich, Q9%), maleic acid (Xn (Aldrich, 99%), and the solvents (BDH) for the 
polymer recovery stages, were all used as supplied. 
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4.2.2 Polymer characterisation: 
All NMR spectra of polymers and oligomers were recorded using either a 
Varian VXR-400-S NMR spectrometer, operating at 399.952 MHz for 1H NMR, 
and 100.577 MHz for 13C NMR, or a Broker AC 250 NMR spectrometer, 
operating at 250.133 MHz for 1H NMR, and 62.896 MHz for 13C NMR. Infrared 
spectra were recorded using either a Nicolet 730 FI'IR or a Perkin Elmer 577 
infrared spectrometer. 
The molecular weights of water soluble polymers, PIVb, were assessed by 
aqueous Gel Permeation Chromatography (GPC) in saline buffer (pH. 6) of 
composition 0.141 M sodium chloride, 0.008 M sodium phosphate (monobasic) 
and 0.003 M sodium phosphate (dibasic). The equipment comprised of a Knauer 
HPLC 64 pump, Rheodyne 7125 injector with lOOJ,Llloop, Knauer refractive index 
detector and PLaquagel P3 30cm column (Polymer Laboratories Ltd.). Molecular 
weight calculations were made with a Chromatocorder 12 integrator (Quadrant 
Scientific) calibrated with polyethylene oxide standards (Polymer Laboratories 
Ltd.). All molecular weight data for polymers PIVb are expressed in polyethylene 
oxide equivalent molecular weights. 
The molecular weight of THF soluble polymers, Pm, were assessed by 
non-aqueous GPC using TIIF as eluent. The equipment comprised of a Waters 
model590 HPLC pump, Waters R401 Refractive Index (RI) detector, Waters U6K 
injection valve with 200J,Ll injection loop, and a three column set: 5J.l lOS A 30cm + 
5J.l HPA 30cm + 5J.l lOOA 30cm (Polymer Laboratories Ltd.). Molecular weight 
calculations were made with a Chromatocorder 12 integrator (Quadrant Scientific) 
calibrated with polystyrene standards (Polymer Laboratories Ltd.). All molecular 
weight data for polymers Pm are expressed in polystyrene equivalents. 
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4.3: Oligomerisation of monomer III by aqueous ROMP using 
cis-but-2-ene-1,4-diol <vnn as a chain transfer agent. 
4.3.1 General considerations: 
The ROMP process is outlined in Figure 4.1, which also records the 
numbering and notation systems used; the mid-chain units are the repeat units in 
the polymer main chain; the chain-end units are the first and last addition units of 
the polymer or oligomer chain; and the end groups are the actual ends of the 
polymer or oligomer. When cis-but-2-ene-1,4-diol (VIII) was used as a chain 
transfer agent, vinyl hydroxymethyl end groups were formed (see later for proof). 
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Figure 4.1: ROMP of monomer m to yield oligomers of Pill. 
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A number of characteristic colour changes are observed during the ROMP of 
monomer III. The solution of RuC13.3H20 changes from dark brown to crimson 
after its addition to the monomer, and eventually turns green; polymer/oligomers 
precipitated after the solution turned green. The timescale of the colour changes 
was found to be dependant on the concentration of VIIT used in the reaction. The 
RuC13.3H20 was unpurified, and therefore it was impossible to associate the 
observed colour changes with specific events in the polymerisation such as the 
formation of the active initiator. The factors influencing the observed colours and 
their duration are discussed in chapter 5. 
4.3.2 ROMP of monomer Ill in the presence of low concentrations of 
cis-but-2-ene-1 ,4-diol (VIII): 
The ROMP of monomer III was attempted in the presence of low 
concentrations of cis-but-2-ene-1,4-diol, which acted as a chain transfer agent 
(CTA) (molar ratio [III]:[VIll] > 10:1) (Table 4.1). In these experiments, the 
concentration of VIII was not high enough to be a major component of the dilue:~t 
mixture. In each case, monomer III (1g, 5.4 mmol) was placed in a test tube 
(13mm I.D.) containing mixtures of water and Vill (total volume, 3.0 ml), and 
equipped with a magnetic stirring bar. The resulting suspensions were stirred at 
55±0.1 °C under a normal laboratory atmosphere for 30 minutes prior to the 
addition of an aqueous solution of Ru03.3H20 (3.5 ml of a 0.02g/ml solution). 
The reaction was allowed to proceed for two days at 55°C, after which the 
products, poly(2,5-(3,4-bis(methoxymethyl)furanylene)vinylene)s (Pill), were 
recovered by extraction into chloroform followed by precipitation into methanol. 
The polymers/oligomers were purified by reprecipitation of a magnesium sulphate 
dried, chloroform solution of each product into pentane. After filtration under a 
nitrogen atmosphere, the products were dried and stored under vacuum in the dark. 
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Elemental analyses of the products of these reactions are consistent with that 
of polymer Pill, and are recorded in appendix D. 
TABLE 4.1: ROMP1 of monomer III using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and cis-but-2-ene-1 ,4-diol as a chain 
transfer agent (CTA). 
molar ratio2 Time to yield pptof 
of reactants polymer3 /% Mn MvVMn ac4 
RuC13.3H20 
/min 
CTA 
1 
---
1200 95 122K 2.5 0.35 
1 1.2 950 95 99K 2.6 0.31 
1 1.8 900 90 58K 3.2 0.40 
1 2.4 800 92 62K 2.8 0.39 
1 4.9 600 89 46K 2.6 0.35 
1 7.3 360 87 18K 4.5 0.31 
1 1.2 900 90 45K 2.9 0.40 
1 2.4 860 83 53K 3.2 0.37 
1 3.6 700 89 65K 2.8 0.34 
1 2.9 810 93 81K 2.3 0.38 
1 1.2 870 80 53K 4.8 0.35 
1 2.4 760 91 59K 2.9 0.40 
1 3.6 710 82 63K 2.6 0.35 
1 4.9 560 86 17K 6.8 0.37 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer : RuC13.3H20 = 22: 1 and [M] = 0.81 molar: this is a 
heterogeneous reaction. 
3) time between the addition of RuCI3.3H20 and the precipitation of polymer: the 
solution colour was green. 
4) determined by 1H NMR spectroscopy. 
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4.3.3 ROMP of monomer Ill in the presence of high concentrations of 
cis-but-2-ene-1 ,4-diol (Vlll): 
The ROMP of monomer m was attempted in the presence of high 
concentrations of cis-but-2-ene-1,4-diol, which acted as a chain transfer agent 
(CfA) (molar ratio [lli]:[VIll] < 10:1) (Table 4.2): the volume of Vill was a 
major component of the diluent mixture. 
TABLE 4.2: ROMP1 of monomer Ill using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and cis-but-2-ene-1 ,4-diol as a co-diluent 
and a chain transfer agent (CfA). 
molar ratio2 time to yield pptof 
of reactants polymer3 /% Mn MwjMn if4 
RuC13.3H20 
/min 
CTA 
1 47 15 90 8.0K 2.2 0.42 
1 93 3 87 3.1K 1.8 0.39 
1 23 45 93 9.4K 2.7 0.40 
1 47 10 88 5.0K 2.4 0.37 
1 70 7 86 3.8K 2.1 0.39 
1 93 5 74 2.9K 1.8 0.39 
1 81 5 79 4.0K 2.0 0.40 
1 93 4 75 3.5K 2.3 0.41 
1 170 2 80 500 2.0 0.22 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer : RuCl3.3H20 = 21:1 and [M] = 0.81 molar: this is a 
heterogeneous reaction. 
3) time between the addition of RuC13.3H20 and the precipitation of polymer: 
solution colour was green. 
4) determined by 1H NMR spectroscopy. 
In each case, monomer m (lg, 5.4 mmol) was placed in a test tube (13mm 
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J.D.) containing mixtures of water and Vlll (total volume, 3.0 ml), and equipped 
with a magnetic stirring bar. The resulting suspensions were stirred at 55±0.1 °C 
under a normal laboratory atmosphere for 30 minutes prior to the addition of an 
aqueous solution of RuC13.3H20 (3.5 ml of a 0.02glml solution). 1 be reaction was 
allowed to proceed for two days at 55°C, after which the product 
polymers/oligomers, poly(2,5-(3,4-bis-(methoxymethyl)furany lene )vinylene )s 
(Pill), were recovered by extraction into chloroform and precipitation into 
methanol. The polymers/oligomers were purified by reprecipitation of a 
magnesium sulphate dried, chloroform solution of each product into pentane. After 
filtration under a nitrogen atmosphere, the products were dried and stored under 
vacuum in the dark. 
Elemental analyses of the products are consistent with polymer Pill, and are 
recorded in appendix D. 
4.3.4 Oligomer microstructure: 
ROMP of monomer ill in the presence of low concentrations of 
cis-but-2-ene-1,4-diol (section 4.3.2) produced high molecular weight polymers, 
Plll, with 1H NMR spectra identical to that shown in section 3.5.3: no end group 
resonances were observed (spectra not shown). By contrast, ROMP of monomer 
min the presence of high concentrations of cis-but-2-ene-1,4-diol (section 4.3.3) 
produced a series of low molecular weight polymers and oligomers (Figure 4.2). 
In these materials the resonances of the mid-chain units at 5.72, 5.52, 4.63, 4.54, 
4.20, 3.44, 3.29 and 2.29 ppm, were visible in the 1H NMR spectra, which also 
displayed resonances of the chain-end units and end groups (Figure 4.3 and Table 
4.3). 
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Figure 4.2: GPC chromatograms recorded in THF of oligomers of Pill prepared . 
using RuC13.3H20 as the 'precursor to the initiating and chain propagating species, 
and cis-but-2-ene-1,4-diol (Vffi) as chain transfer agent (CfA). 
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Figure 4.3: 1HMR spectra recorded at 250.133 MHz in CDC13 of oligomers of Pm 121 
prepared using RuC13.3H20 as the precursor to the initiating and chain propaga~g 
species, and cis-but-2-ene-1,4-diol (VID) as chain transfer agent (CTA). 
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Protons in units at the ends of the polymer/oligomer chain resonante with 
different chemical shifts compared with protons in the main body of the chain. 
Thus the methine protons at position 3 and 4 resonate at 2.29 ppm in a mid-chain 
unit (3h, 4h) and at 1.91 ppm in a chain end unit (3e) (Figures 4.1 and 4.3). The 
total integration of this region matches the total integration of the vinylic region, 
and the relative intensities of these two methine resonances correlate with the 
decrease in molecular weight calculated by GPC (Figure 4.2). 
TABLE 4.3: 1H NMR spectral parameters1 for the end groups of polymer Pill 
prepared using cis-but-2-ene-1,4-diol as a chain transfer agent (250.133 MHz, 
chemical shifts 
Pill end groups H at position /ppm 
I 
I 
I 
H 6e and 7e masked I 
I M I I 
6e CH20 2e methylene M 3.87 I c=c! I 
I 7e 
1 3e hydroxylH 5.10 2 
I 
I 8e I 8e masked I 
I 0 I 
"Me tOe masked 
10e 3e 1.91 
1) with respect to chloroform at 7.26 ppm. 
2) overlap with signals from cis-but-2-ene-1,4-diol impurity. 
The 1 H NMR spectra of the oligomers contain resonances of vinylene protons 
of the mid-chain units at 5.72 ppm (cis) and 5.52 ppm (trans), which are broader 
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than those in the spectra of the high polymer (Figure 3.22), although no new 
resonances are observed. The ratio of cis:trans double bonds is generally 
consistent with the high polymer (o-C = 0.4) (Figures 4.3a and 4.3b), except for the 
lowest molecular weight oligomer (Figure 4.3c ), which has a greater trans content 
(tr = 0.22). This change in the microstructure is also observed in the allylic region 
(H2 and H5), where the relative intensity of the trans-allylic resonance at 4.20 ppm 
has greatly increased with respect to the cis-allylic resonances at 4.63 and 4.54 
ppm (Figure 4.3c). 
Additional proton resonances are observed principally at 3.9 ppm and 5.1 
ppm, and are assigned as end-group resonances, methylene (M), and hydroxyl 
respectively (Figure 4.1). Their chemical shifts are similar to those of 
cis-but-2-ene-1 ,4-diol, 108 although their intensities are too large to result solely 
from residual chain transfer agent. 
Infrared spectra were recorded for films of these oligomers cast from acetone 
solution, and contain all the absorptions of the high polymer, and additional 
absorptions in the region 1680-1640 cm·1 and at 3400 cm·1 (Figure 4.4). The 
relative intensity of these additional absorptions with respect to the high polymer 
absorptions show a qualitative increase as the molecular weight decreases, and it is 
possible that they arise from vinylenes in the polymer end groups. The absorption 
at 3400 cm·1 results from the hydroxyl 0-H stretch of the oligomer end groups. 
Overall, the oligomers have a similar main chain microstructure to the high 
polymer (tr = 0.4), although the trans content of very low molecular weight 
oligomers is greater ( tr= 0.22). It therefore appears that the terminal vinylene 
units are predominantly trans, suggesting that chain transfer preferentially yields 
trans products. The actual end groups are vinyl hydroxymethyl groups, and are 
observed in both infrared and 1 H NMR spectra. 
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Figure 4.4: Infrared spectra recorded from fihns cast from acetone of oligomers of 
Pill prepared using RuC13.3H20 as the precursor to the initiating and chain 
propagating species, and cis-but-2-ene-1,4-diol (VIll) as chain transfer agent 
(CI'A). 
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4.4: Oligomerisation of monomer m by aqueous ROMP using 
cis-1,4-dimethoxybut-2-ene OX) as a chain transfer agent. 
4.4.1 Oligomer synthesis: 
The ROMP process is outlined in Figure 4.5, which also records the 
numbering and notation systems used; the mid-chain units are the repeat units in 
the polymer main chain; the chain-end units are the first and last addition units of 
the polymer or oligomer chain; and the end groups are the actual ends of the 
polymer or oligomer. When cis-1,4-dimethoxybut-2-ene is used as a chain transfer 
agent, vinyl methoxymethyl end groups are formed (see below). 
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Figure 4.5: ROMP of monomer m to yield oligomers of Pill. 
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The ROMP of monomer ill was. performed in the presence of high 
concentrations of cis-1,4-dimethoxybut-2-ene (IX), which acted as a chain transfer 
agent (CfA) (molar ratio [III]: [IX] < 10:1) (Table 4.4): the volume of IX was a 
major component of the diluent mixture, although it was not water soluble. 
TABLE 4.4: ROMP1 of monomer IB using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and cis-1,4-dimethoxybut-2-ene as a 
co-diluent and a chain transfer agent (CfA). 
molar ratio2 [rime to yield 
of reactants pptof /% Mn Mw/Mn cr4 nolrnner1 
mm 
RuC13.3H20 CTA 
1 18 860 80 41K 2.1 0.40 
1 35 500 76 29K 2.0 0.39 
1 71 420 69 13K 2.9 0.43 
1 0 1200 95 155K 2.6 0.39 
1 7 1100 94 26K 2.7 0.40 
1 18 800 87 27K 2.8 0.40 
1 29 600 79 25K 2.6 0.40 
1 43 480 70 19K 2.5 0.37 
1 85 360 64 7K 2.2 0.41 
1 95 300 57 4K z:1 0.42 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer : RuC13.3H20 = 21:1 and [M] = 0.81 molar: this is a 
heterogeneous reaction. 
3) time between the addition of RuC13.3H20 and the precipitation of polymer: 
solution colour was green. 
4) determined by 1H NMR spectroscopy. 
In a typical experiment monomer m (l.Og, 5.43 mmol) was placed in a test 
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tube (13mm J.D.) equipped with a magnetic stirring bar. Appropriate quantities of 
distilled water and IX were added (total volume of diluent, 3.0 ml), and the 
resulting suspension was stirred at 55±0.1 °C under a normal laboratory atmosphere 
for 30 minutes prior to the addition of an aqueous solution of RuCl3.3H20 (3.5 ml 
of a 0.02g/ml solution). 
As with previous experiments, the colour changes accompanying the reaction 
were brown-red-green, and were used as an empirical indication of the progress of 
the reaction; the time scale of the changes were dependant on the concentration of 
IX (see chapter 6). The reaction was allowed to proceed for two days at 55°C, 
after which the product polymers poly(2,5-(3,4-bis(methoxymethyl)furanylene)-
-vinylene)s (Plll), were recovered by extraction into chloroform and precipitation 
into methanol. The polymers were purified by reprecipitation of a magnesium 
sulphate dried, chloroform solution of the polymer into pentane, filtered, and 
finally dried under and stored under vacuum in the dark. 
Elemental analyses of the products are consistent with that of polymer Pm, 
and are recorded in appendix D. 
4.4.2 Oligomer microstructure: 
The ROMP of monomer m in the presence of high concentrations of 
cis-1,4-dimethoxybut-2-ene produced a series of low molecular weight polymers 
and oligomers (Figure 4.6). The resonances of the high polymer are clearly 
observed at 5.72, 5.52, 4.63, 4.54, 4.20, 3.44, 3.29 and 2.29 ppm, and in addition, 
resonances resulting from the end groups (Figure 4.7 and Table 4.5). 
127 
Figure 4.6: GPC chromatograms recorded in TIIF of oligomers of Pill prepared 128 
using RuC13.3H20 as the precursor to the initiating and chain propagating species, 
and cis-1,4-dimethoxybut-2-ene (IX) as chain transfer agent (CTA). 
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Figure 4.7: 1HMR spectra recorded at 250.133 MHz in CDC13 of oligomers ofPID 129 
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The methine protons on positions 3 and 4 resonate at 2.29 ppm in a mid-chain 
unit (3h, 4h) and at 2.03 and 1.91 ppm in a chain-end unit (3e) (Figure 4.7). The 
total integration of this region matches the total integration of the vinylic region: 
the combined intensities of these two additional methine resonances correlate with 
the decrease in molecular weight calculated by GPC (Figure 4.6). For oligomers 
prepared with cis-but-2-ene-1,4-diol as CTA, one high field resonance was 
observed at 1.91 ppm (section 4.3.4), and the end groups appeared to be 
predominantly trans. It is therefore possible that in these oligomers both cis and 
trans end groups are present. 
TABLE 4.5: 1H NMR spectral parameters1 for the end groups of polymer Plll 
prepared using cis-1 ,4-dimethoxybut-2-ene as a chain transfer agent (250.133 
chemical shifts 
Plll end groups H at position /ppm 
I Me 6e and 7e masked I M I I 
6e CH-0 methylene M 3.80 I 2e I 2 I 
" c I 
, 7e methoxyend masked I 3e L 
I 
I 8e 8e masked I 
I 
0 tOe masked 
"Me 
lOe 3e 2.03, 1.91 
1) with respect to chloroform at 7.26 ppm. 
The resonances of the vinylic protons in the 1 H NMR spectra (Figure 4. 7) are 
broader than those in the high polymer (Figure 3.4a), although no new resonances 
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are observed. The ratio of cis:trans double bonds is consistent with the high 
polymer (oC = 0.4) regardless of molecular weight This could indicate that both 
cis and trans terminal vinylic bonds are formed, although the molecular weight of 
these oligomers is probably too high to allow such fine distinctions to be made (cf. 
section 4.3.4 where no change in cis/trans ratio was observed for Mn = 4K 
oligomers). 
An additional resonance is observed in all the spectra at 3.80 ppm, and is 
assigned as the methylene end group (M), since the methylene group of 
cis-1,4-dimethoxybut-2-ene resonantes at 3.80 ppm in CDC13 (Figure 4.7);109 the 
relative intensity of this signal increases as molecular weight decreases. The 
methyl group of the chain end is not observed, and is presumably masked by the 
resonances of the methoxy pendant groups of the polymer (H 10, H 11). 
Infrared spectra were recorded for films of these oligomers cast from acetone 
solution, and contain all the absorptions of the high polymer, and additional 
absorptions in the region 1680-1640 cm-1 (Figure 4.8). The relative intensity of 
these additional absorptions with respect to those of the high polymer increase as 
the oligomer molecular weight decreases. The high polymer spectra (Figures 4.8a 
and 3.3a) contain little or no C=C stretching absorptions, and it is possible that the 
additional absorptions observed here result from vinylene bonds in the polymer 
end groups. 
Overall the oligomers have a similar backbone structure to the high polymers, 
and there appears to be no strong preference for cis/trans initiation or termination. 
The actual end groups appear to be vinyl methoxymethyl groups derived from the 
chain transfer agent 
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Figure 4.8: Infrared spectra recorded from films cast from acetone of oligomers of 
Pill prepared using RuC13.3H20 as the precursor to the initiating and chain 
propagating species, and cis-1,4-dimethoxybut-2-ene (IX) as chain transfer agent 
(CI'A). 
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4.5: Oligomerisation of monomer IV by aqueous ROMP using 
cisabut-2-ene-1,4-diol (VITD as a chain transfer agent. 
4.5.1 Oligomer syntheses: 
The ROMP process is outlined in Figure 4.9, which also records the 
numbering and notation systems used. The mid-chain units are the repeat units in 
the polymer main chain; the chain-end units are the first and last addition units of 
the polymer or oligomer chain; and the end groups are the actual ends of the 
polymer or oligomer. Oligomers are formed by cross metathesis of the chain 
carrying species with the chain transfer agent. Thus when cis-but-2-ene-1,4-diol is 
used as a chain transfer agent, vinyl hydroxymethyl end groups are formed (see 
below). 
The ROMP of monomer IV was attempted in the presence of high 
concentrations of cis-but-2-ene-1,4-diol (VIII), which acted as a chain transfer 
agent (CTA) (molar ratio [IV]:[VDI] < 10:1) (Table 4.6): the volume of VIII was 
a major component of the solvent mixture. 
In each case, monomer IV (lg, 5.4 mmol) was placed in a test tube (13mm 
I.D.) containing mixtures of water and VIII (total volume 3.0 ml), and equipped 
with a magnetic stirring bar. The resulting solutions were stirred at 55±0.1 °C 
under a normal laboratory atmosphere for 30 minutes prior to the addition of an 
aqueous solution of RuC13.3H20 (3.5 ml of a 0.02g/ml solution). 
The colour of the solution changed during the reaction, brown-red-green, and 
was used as an indication of the progress of the reaction; precipitation of polymer 
was observed when the reaction solution was green. The reaction was allowed to 
proceed for two days at 55°C, after which the products, 
poly(2,5-(3,4-bis( carboxylic acid)furanylene )vinylene )s (PIV) were recovered by 
filtration and thoughly washed with dilute hydrochloric acid. The disodium salts 
of the polymer/oligomers (PVIb) were recovered by addition of the solid diacid 
133 
polymer/oligomers, PIV (0.5g), to aqueous sodium hydroxide (30 wt%), followed 
by filtration and precipitation into methanol (100 ml). 
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Figure 4.9: ROMP of monomer IV to yield oligomers of PIV: conversion of 
oligomers PIV into oligomers PIVb. 
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TABLE 4.6: ROMP1 of monomer IV using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and cis-but-2-ene-1 ,4-diol as a co-solvent 
and a chain transfer agent (CT A). 
molar ratio2 Time to yield 
of reactants pptof /% Mn Mw/Mn ac4 pol~er' 
mm 
RuC13.3H20 CTA 
1 0 1200 95 >100K5 --- 0.65 
1 22 200 93 5.9K 2.4 0.64 
1 54 100 92 4.0K 2.4 0.62 
1 72 15 90 2.9K 2.0 0.65 
1 in 15 85 2.3K 2.0 0.62 
1 108 7 87 1.9K 2.4 0.58 
1 210 5 90 700 2.1 0.40 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer:RuC13.3H20 = 16:1, and [M]= 0.84 molar: this is a 
homogeneous reaction. 
3) time between the addition of RuC13.3H20 and the precipitation of polymer: 
solution colour was green. 
4) determined by 1 H NMR spectroscopy. 
5) polymer was partially excluded from the GPC column. 
Polymer/oligomers PIVb were purified by three successive reprecipitations 
into methanol from water, then recovered by filtration and finally dried and stored 
under vacuum. The polymer/oligomers, PVIb, formed by this method were pale 
green/brown solids, the col~ur being due to the presence of 0.1-0.3% by weight 
transition metal contamination, which was difficult, but not impossible to remove. 
Elemental analyses of polymers PIVb are consistent with ROMP polymers of 
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IV containing dibasic repeat units, and are found in appendix D. 
4.5.2 Oligomer characterisation: 
The reduction of molecular weight of the oligomers, PIVb, can be observed 
using aqueous GPC (Figure 4.10), and correlated to the observation of new end 
group resonances in the 13C NMR spectra (Figures 4.11, 4.12 and 4.13). The Be 
NMR spectrum of the high polymer (Figure 3.23) was discussed in great depth in 
section 3.5.3, and contains resonances at: 182.44, 182.28 ppm (8h, 9h); 136.78, 
136.44, 136.18 ppm (6h, 7h); 85.95 85.65, 81.56, 81.13 ppm (2h, 5h); and 60.56, 
60.34, 59.83 ppm (3h, 4h) (Table 3.9). New resonances are observed in the 13e 
NMR spectra of the oligomers (Figures 4.12 and 4.13, Table 4.7). 
TABLE 4.7: Be NMR spectral parameters1 for the end groups of polymer PIVb 
(disodium salt) prepared using cis-but-2-ene-1,4-diol as a chain transfer agent 
(100.577 MHz, D20). 
PIV a end group C at position chemical shifts/ ppm 
8e 185.30 
I H 7e 134.52, 134.14 I 
I CH-0 
. 
I 
I 2e 6e=cf 2 2e 86.79 (t)2 I c-
I 7e 83.87 (c)3,83.55 (c) I 
I 3e 
I 
3e 59.60 (c), 59.51 (c) I 8e 0 59.45 (t) 
O· 
Na+ methylene M 65.50 (t) 
2) "t" refers to a position a or~ to a trans vinylene. 
3) "c" refers to a position a or~ to a cis vinylene. 
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Figure 4.10: GPC chromatograms recorded in saline buffer of oligomers of PIVb 137 
prepared using RuC13.3H20 as the precursor to the initiating and chain propagating 
species, and cis-but-2-ene-1,4-diol (Vlll) as chain transfer agent (CIA). 
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Figure 4.11: APT and proton decoupled 13C NMR. spectra recorded at 100.577 
MHz in D20 of polymer PIVb prepared using RuC13.3H20 as the precursor to the initiating and chain propagating species. 
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Figure 4.12: APT and proton decoupled 13C NMR spectra recorded at 100.577 
MHz in D20 of oligomers of PIVb prepared using RuC13.3H20 as the precursor to 
the initiating and chain propagating species, and cis-but-2-ene-1,4-diol (VIU) as 
chain transfer agent (CI'A). 
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The carbonyl groups in mid-chain units (8h, 9h) resonate at 182.44 and 182.28 
ppm (Figure 4.11), and at 185.30 ppm on chain-end units (8e) (Figures 4.12 and 
4.13). A shift to lower field is also observed for both cis-allylic (83.87, 83.55 
ppm), and trans-allylic (87.79 ppm) chain-end carbons (2e); the observation of 
both these resonances suggests that there is no strong preference for cis/trans chain 
transfer. 
The vinylic carbons (7e) are observed as two narrow resonances at 134.52 and 
134.14 ppm, of similar intensity (Figures 4.12 and 4.13), and approximately two 
ppm upfield of the corresponding resonances of the high polymer (Table 3.8). 
These resonances are provisionally assigned as trans and cis vinylic chain-ends 
respectively (7e), since inspection of the allylic regions of these spectra revealed 
that both cis and trans chain-end units were present As expected from their 
structure, the vinylene carbon 7e group appears to have similar chemical shifts to 
the vinylic carbons of cis-but-2-ene-1,4-diol (134.38 ppm)108 and trans-
-but-2-ene-1,4-diol (134.18 ppm). 108 Comparison of these spectra with those of 
oligomers of poly(norbomene) reveals the absence of the resonance of carbon 
6e. 110 This resonance is expected to be slightly downfield of the vinylene 
resonances of the mid-chain units, and is presumably obscured. 
The resonance of the metllylene end group (M) adjacent to a trans-vinylene is 
observed at 65.50 ppm (Figures 4.12 and 4.13) and confmned as a methylene in 
the APT spectra; its chemical shift is similar to the methylene carbons of 
trans-but-2-ene-1,4-diol (65.78 ppm in 0 20), as expected.108 The chemical shift 
of the methylene end group (M) adjacent to a cis-vinylene is therefore expected to 
be similar to the methylene resonance of cis-but-2-ene-1,4-diol (61.15 ppm in 
0 20).108 Several new reson~ces are observed in this region, which also coincide 
with the mid-chain and chain-end resonances of carbons 3 and 4, although the APT 
spectra suggest that none of them are methylene carbons, although any signal may 
have been swamped by the strong main chain methine signals. 
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The methyl resonance at 50.54 ppm corresponds to the resonance of methanol 
impurities which can also be detected in the 1H NMR spectra (Figure 4.14) at 3.45 
ppm; other resonances at 38.55 and 32.51 ppm correspond to methylene groups, 
the presence of which are again confirmed by resonances in the 1H NMR spectra 
between 2.1 and 1.0 ppm. These cannot be assigned as resonances of the ROMP 
polymer, or the cross-metathesis end groups, and may therefore correspond to the 
end groups of oligomers terminated by other mechanisms. 
Proton resonances at 5.70ppm, 5.44ppm, 4.99ppm, 4.57ppm and 2.85ppm are 
observed in the 1H NMR spectra of the oligomers (Figures 4.14b and 4.14c), and 
correspond to those of the high polymer PIVb (Figure 4.14a). In addition, new 
resonances are observed in the 1H NMR spectra of the oligomers (Table 4.8). 
TABLE 4.8: 1H NMR spectral parameters1 for the end groups of polymer PIVb 
(disodium salt) prepared using cis-but-2-ene-1,4-d.iol as a chain transfer agent 
(399.952 MHz, D20). 
PIVa end group H at position chemical shifts /ppm 
I H 6ene 5.83 (trans) I c~-o· 
I sed 2e masked 1 2e 
I 3e 7e /. 3e 2.70 
I 
I 8e 0 methylene M 4.08 (trans) 
- 0 
Na+ 3.95 (cis) 
1) with respect to water at 4.67 ppm. 
2) cis and trans methylene end groups. 
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Figure 4.14: 1H NMR spectra recorded at 399.952 MHz in D20 of oligomers of PIVb prepared using RuC13.3H20 as the precursor to the initiating and chain 
propagating species, and cis-but-2-ene-1,4-diol (VIll) as chain transfer agent (CTA). 
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The end group and chain-end resonances that are observed in the 13C NMR 
spectra of these oligomers can also be seen in the 1H NMR spectra (Figure 4.14). 
The methine protons at position 3 and 4 resonate at 2.85 ppm in a mid-chain unit 
(3h, 4h), but at 2.70 ppm in a chain-end unit (3e). The relative intensity of these 
two resonances allows an approxi~ation of the average oligomer length to be 
made. Thus in Figure 4.14c, where both resonances are of equal intensity, the 
"average" oligomer appears to be a dim~r. This calculation is in good agreement 
with the GPC data (Figure 4.10c). 
Analysis of the 13C NMR spectra suggested that the oligomers contained vinyl 
hydroxymethyl end groups. Resonances of methylene protons (M) adjacent to 
trans and cis vinylenes are observed at 4.08 ppm and 3.95 ppm respectively; these 
compare with the methylene resonance of cis-but-2-ene-1 ,4-diol at 4.02 ppm, 
which can be seen in some of the spectra as a residual impurity (Table 4.8 and 
Figure 4.14). The vinylene resonances of mid-chain units at 5.70 ppm (trans) and 
5.44 ppm (cis) are generally broader than corresponding resonances of the hig? 
polymer (Figure 4.14a). The trans-vinylic and cis-vinylic chain-end resonances 
(6e, 7e) are observed at 5.83 ppm and 5.57 ppm respectively, although since the 
latter appears to coincide with vinylene resonances of the cis-but-2-ene-1,4-diol 
impurity there is some uncertainty about this. 
The 13C NMR spectra of methine carbons 2 and 5 contained well resolved 
resonances of both cis-ally lie and trans-allylic carbons. Surprisingly, no 
significant changes are observed in 1H NMR spectra of this region (4.99 cis-allylic 
and 4.57 trans-allylic), although the resonances are generally broader than the 
corresponding resonances in the high polymer. Additional resonances are 
observed principally at 3.45 ppm (methanol impurity), and between 2.1 ppm and 1 
ppm as discussed above. 
Infrared spectra were recorded for solid polymers and oligomers PIVb (Figure 
4.15). 
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Figure 4.15: Infrared spectra recorded from solid samples of oligomers of PIVb 
prepared using RuC13.3H20 as the precursor to the initiating and chain propagating 
species, and cis-but-2-ene-1,4-diol (Vlll) as chain transfer agent (CI'A). 
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The spectra of the oligomers (Figures 4.15b and 4.15c) contain all the 
absorptions of the high polymer, and an additional absorption at 3400 cm-1, which 
can be assigned to the hydroxyl 0-H stretch of the end group. The absorptions of 
carbonyl groups in mid chain units at 1750 cm-1 are supplimented by an additional 
absorption of carbonyls in the chain ends at 1780 cm-1; new carbonyl resonances 
were also observed in the 1H NMR spectra (Figures 4.14b and 4.14c). 
Overall the oligomers have a similar backbone structure to the high polymers, 
and there appears to be no strong preference for the formation of cis or trans 
vinylene end groups by chain transfer. The actual end groups appear to be vinyl 
hydroxymethyl groups derived from the chain transfer agent. 
4.6: Oligomerisation of monomer IV by aqueous ROMP using acrylic acid (X) 
as a chain transfer agent. 
4.6.1 Oligomer syntheses: 
The ROMP of monomer IV, outlined in Figure 4.16, was attempted in the 
presence of acrylic acid (X) as a chain transfer agent (Cf A) (Table 4.9). In each 
case, monomer IV (1g, 5.4 mmol) was placed in a test tube (13mm I.D.) containing 
mixtures of water (3.0 ml) and X, and equipped with a magnetic stirring bar. The 
resulting solutions were stirred at 55±0.1 °C under a normal laboratory atmosphere 
for 30 minutes prior to the addition of an aqueous solution of RuCI3.3H20 (~,5 ml 
of a 0.02g/ml solution). During the course of the reaction, colour changes were 
observed, brown-red-green, and precipitation of polymer/oligomer was observed 
after the reaction solution became green. 
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Figure 4.16: ROMP of monomer IV to yield polymers PIV. 
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The reaction was allowed to proceed for two days at 55°C, after which the 
product polymers/oligomers, poly(2,5-(3.4-bis(carboxylic acid)furanylene)-
-vinylene)s (PIV) were recovered by filtration andthoroughlywashed with dilute 
hydrochloric acid. The disodium salt of the polymer/oligomers (PVIb) was 
recovered by addition of the solid polymer/oligomer, PIV (0.5g), to aqueous 
sodium hydroxide (30 wt%) followed by filtration and precipitation into methanol 
(100 ml). Product PIVb was purified by three successive reprecipitations into 
methanol from water then recovered by filtration and finally dried and stored under 
vacuum. 
The polymers PVIb were pale green/brown solids •. the colour being due to the 
presence of 0.1-0.3% by weight transition metal contamination. Elemental 
analyses of polymers PIVb are consistent with a polymer containing dibasic repeat 
units, and are recorded in appendix D. 
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TABLE 4.9: ROMP1 of monomer IV using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and acrylic acid (X) as a chain transfer 
agent (CT A). 
molar ratio time for polymerisation 
of reactants2 solution to 
turn red3 time to ppt yield/% Mn 
CTA RuC13.3H20 /min ofpolymer4 
0 1 300 1200 80 >lOOK 
2 1 100 800 65 10K 
4 1 60 500 44 8K 
6 1 45 240 28 6K 
8 1 25 100 10 5K 
10 1 10 50 0 --
12 1 5 10 0 --
20 1 5 10 0 --
40 1 5 10 0 --
Note: 1 H NMR shows that cr = 0.6 for all polymers. 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer : RuCI3.3H20 = 14:1, and [M]= 0.78 molar: this is a 
homogeneous reaction. 
3) time between the addition of RuCI3.3H20 and change of solution colour to red. 
4) time between the addition of RuC13.3H20 and the onset of precipitation of 
polymer. 
4.6.2 Oligomer microstructure: 
The polymers/oligomers PIVb prepared by aqueous ROMP in the presence of 
acrylic acid all have microstructures identical with those of the high polymers 
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prepared in section 3.5.3; no oligomer end groups were observed (spectra not 
shown). The ultimate yield of the reaction is substantially reduced by inclusion of 
acrylic acid in the reaction mixture, which suggests that any carbenes formed by 
cross metathesis with the acrylic acid do not initiate further metathesis. 
4.7: Attempted oligomerisation of monomer IV by aqueous ROMP using 
maleic acid (XI) as a chain transfer agents. 
4.7.1 Polymer syntheses: 
The ROMP process is outlined in Figure 4.17, which also records the 
numbering system used. 
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Figure 4.17: ROMP of monomer IV to yield polymers PIV. 
149 
The ROMP of monomer IV was attempted in the presence of maleic acid (XI) 
(Table 4.10). 
TABLE 4.10: ROMP1 of monomer IV using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, and maleic acid as a chain transfer agent 
(CTA). 
molar ratio Primary precipitation3 Secondary precipitation4 
of reactants2 
time to ppt of yield time to ppt of yield 
CTA RuC13.3H20 polymelY' min /% polymer/ min /% 
0 1 300 0 1200 95 
1 1 120 5 700 87 
2 1 90 14 300 79 
3 1 60 23 200 69 
4 1 45 35 160 57 
5 1 35 30 140 55 
6 1 25 19 100 44 
7 1 20 9 90 37 
8 1 10 4 60 30 
10 1 10 0 45 20 
15 1 10 0 30 0 
Note: 1H NMR shows that cr = 0.6 for all polymer; aqueous GPC shows that all 
polymers have Mn >lOOK. 
1) all polymerisations were run for two days at 55°C. 
2) molar ratio of monomer : RuC13.3H20 = 19:1, and [M]= 0.78 molar: this is a 
homogeneous reaction. 
3) time between the addition of RuC13.3H20. and the precipitation of polymer: 
solution colour was red. 
4) time between the addition of RuC13.3H20 and the precipitation of polymer: 
solution colour was green. 
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In each case, monomer IV (lg, 5.4 mmol) was placed in a test tube (13mm 
I.D.) containing mixtures of water (3.0 ml) and XI, and equipped with a magnetic 
stirring bar. The resulting solutions were stirred at 55±0.1 °C under a normal 
laboratory atmosphere for 30 minutes prior to the addition of an aqueous solution 
of RuCl3.3H20 (3.5 ml of a 0.02g/ml solution). The colour of the reaction solution 
changed during the reaction, brown-red-green; the precipitation of polymer 
occurred both when the reaction solution was red (primary precipitation) and green 
(secondary precipitation). 
The reaction was allowed to proceed for two days at 55°C, after which the 
product polymers, poly(2,5-(3,4-bis(carboxylic acid)furartylene)vinylene)s (PIV) 
were recovered by filtration and thoughly washed with dilute hydrochloric acid. 
The disodium salt of the polymer (PVIb) was recovered by addition of the solid 
diacid polymer PIV (0.5g) to aqueous sodium hydroxide (30 wt%) followed by 
filtration and precipitation into methanol (100 ml). Polymer PIVb was purified by 
three successive reprecipitations into methanol from water then recovered by 
filtration and finally dried and stored under vacuum. The polymers PVIb were 
pale green/brown solids, the colour being due to the presence of 0.1-0.3% by 
weight transition metal contamination. 
Elemental analyses of polymers PIVb are consistent with a polymer with 
dibasic repeat units, and are recorded in appendix D 
4.7.2 Polymer microstructure: 
The polymers/oligomers PIVb prepared by aqueous ROMP in the presence of 
maleic acid all have microstructures identical with the high polymers prepared in 
chapter 3, and all had number average molecular weights in excess of lOOK; no 
oligomer end groups were observed (spectra not shown), and no chain transfer 
occurred. 
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4.8: Attempted ROMP of monomer Vll in the presence of maleic acid (XI). 
4.8.1 Polymer synthesis: 
In view of the apparent effect of maleic acid on the induction period of the 
ROMP reaction (section 4.7), the aqueous ROMP of monomer VII was attempted 
in the presence of maleic acid (note the failure to polymerise from section 3.6.1) 
(Figure 4.18). Experimental conditions for the reaction are recorded in Table 4.11. 
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Figure 4.18: Attempted ROMP of monomer VII. 
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In each case, monomer VII (lg, 5.4 mmol) was placed in a test tube (13mm 
I.D.) containing water (3.0 ml), maleic acid (X), and equipped with a magnetic 
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stirring bar. The resulting solutions were stirred at 55±0.1 °C under a normal 
laboratory atmosphere for 10 minutes prior to the addition of an aqueous solution 
of RuC13.3H20 (3.5 ml of a 0.02g/ml solution). The colour of the reaction solution 
changed during the reaction, brown-red-green, although no polymer was formed 
after two days. The disodium salt of the monomer VIIb was recovered by addition 
of the contents of the reaction vessel to aqueous sodium hydroxide (10 ml, 30 
wt%) followed by filtration and precipitation into methanol (100 ml). In all cases 
approximately 90-95% of the monomer was recovered as its disodium salt. 
TABLE 4.11: Attempted ROMP1 of monomer Vll initiated by RuC13.3H20 in the 
presence of maleic acid. 
molar ratio first colour change3 second colour change4 
of reactants2 
time to turn yield /% time to turn yield/% 
CfA RuC13.3H20 red /min green /min 
0 1 300 0 1200 0 
1 1 140 0 800 0 
2 1 100 0 340 0 
3 1 70 0 180 0 
4 1 60 0 140 0 
5 1 35 0 100 0 
6 1 30 0 90 0 
7 1 20 0 80 0 
8 1 10 0 60 0 
10 1 10 0 20 0 
1) all experiments were run for two days at 55°C. 
2) molar ratio of monomer:RuC13.3H20 = 19: 1, and [M]= 0. 78 M. 
3) reaction solution was red. 
4) reaction solution was green. 
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CHAPTER 5: 
DISCUSSION 
5.1: Introduction. 
The preparation of various high molecular weight polymers and oligomers by 
aqueous ROMP was described in Chapters 3 and 4. Each ROMP reaction 
proceeded after an induction period that appeared to be dependant on the transition 
metal chloride used as the precursor of the initiator, the monomer, and the presence 
of acyclic olefins. An attempt to correlate and rationalise these observations is 
presented in this chapter. 
Metathesis initiators are assumed to be formed in situ by reaction of the 
transition metal chlorides with the monomers, and/or decomposition products of 
the monomers, and/or acyclic chain transfer agents. The exact nature of each 
initiator is not known, although it is assumed to contain a metal carbene, since the 
reaction products are consistent with ROMP having occured. 22 The induction 
periods refered to in this chapter refer to the time taken for colour changes to be 
observed in the reaction solution; no kinetic experiments were made. The actual 
colour of the reaction solution is a combination of the colours of the assumed metal 
carbene initiator, the original transition metal halide, and any other transition metal 
compounds that may be formed. Therefore, the prominent solution colour is not 
necessarily that of the metathesis initiator, and consequently, observations of 
colour changes only give an empirical indication of the progress of the reaction. 
5.2: Synthesis of high molecular weight polymers. 
5.2.1 Catalyst choice for aqueous ROMP reactions: 
The yield of polymers prepared by aqueous ROMP using various transition 
metal chlorides as the precursors to the initiating and chain propagating species are 
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recorded in Table 5.1. 
TABLE 5.1: Yields of polymers prepared with various monomers and initiators. 1 
initiators 
Yield of polymer from monomer 
derived from: n m IV v vn 
RuC13.3H20 95% 95% 95% 60% 0% 
OsC13.3H20 N/A 95% 80% N/A N/A 
IrCl3.3H20 N/A 2% 0% N/A N/A 
RhCl3.3H20 N/A 0% 0% N/A N/A 
PdC12 N/A 0% 0% N/A N/A 
1) Full experimental conditions for these polymerisations are recorded in chapter 3. 
2) N/ A: this polymerisation was not attempted. 
The transition metal compounds investigated as precursors to the initiating 
species are not simple pure compounds but complex mixtures of metal chlorides 
and oxychlorides.111 Consequently, the initiating carbenes which are probably 
formed are the products of reaction of an ill-defined metal compound with the 
monomer and/or a decomposition product of the monomer; it is impossible to 
determine which actual species react to form the carbene, or indeed the nature of 
the other ligands in the carbene complex using the experimental methods described 
in this thesis, and the author has not engaged in a detailed investigation of these 
transition metal species. 
The induction period for the formation of the initiating species, and the rate of 
the reaction are dependant on many other factors, including temperature, monomer 
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and solvent. For example, the aqueous ROMP of monomer m proceeded most 
rapidly with osmium initiators, and most slowly with iridium initiators. In 
contrast, Michelotti reported that the ROMP of norbomene in ethanol proceeded 
faster for initiators derived from iridium salts, and slowest for those derived from 
ruthenium salts, with osmium salts intermediate.62 However, changes in solvent 
and/or monomer are well known to have marked effects on metathesis activity.22. 
No solution colour changes were observed in any of the attempted aqueous 
ROMP reactions using rhodium or palladium salts as precursors to the initiating 
species, and no polymers of any kind were produced. These observations suggest 
that no reactions of any type occurred between these transition metals and 
monomers m or IV in water. Previous studies of the polymerisation of 
norbomene with initiators derived from rhodium and palladium salts reported the 
occurrence of vinyl type polymerisation, and/or copolymerisation with carbon 
monoxide. 63•64•79 In these cases, the involvement of the monomer with the 
transition metal compound is presumably critical. 
In summary, ruthenium, osmium and iridium salts all have the potential to 
form aqueous ROMP initiators, although whether the reaction actually proceeds 
will depend on other parameters such as temperature and/or monomer. Rhodium 
and palladium salts appear to have little or no potential for aqueous ROMP. 
5.2.2 Monomer choice for aqueous ROMP reactions: 
The aqueous ROMP of monomer ill has been successfully conducted using 
initiators derived from ruthenium, osmium, and iridium compounds, although in 
the latter case, the yield of the reaction was low (Table 5.1),73 and confirmed 
previous reports in the cases of RuC13.3H20 and OsC13.3H20.71•72 In contrast, the 
ROMP of monomer IV using an osmium based initiator was irreproducible, and 
under the same reaction conditions, the attempted ROMP using IrC13.3H20 was 
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unsuccessful (section 3.5). This observation is surprising, since 
e.xo-bicyclo[2.2.1]hept-5-ene-2-carboxylic acid has been successfully polymerised 
by aqueous ROMP using an iridium salt as the precursor to the initiator.105• 112 A 
rationalisation of these observations is that the interaction of the monomer and/or 
its decomposition products are crucial in the production of the initiating carbene, 
and/or in the propagation step of the reaction. 
a) monomer involvement: 
It seems reasonable to postulate that the production of an initiator requires 
both the formation of a transition metal carbene, and other associated ligands. 
Functionalised monomers that are able to co-ordinate to the transition metal 
through their side groups may alter the rate of production and subsequent reactivity 
of a carbene, and hence the apparent induction period of the ROMP reaction. This 
postulate could partially explain the difference in metathesis activity of 
RuC13.3H20 with monomers ll, m, IV and V (Table 5.2), but cannot account for 
its lack of activity with monomer Vll, which is similar to monomer IV in the 
respect of its carboxylic acid side groups. 
TABLE 5.2: Induction periods1 for some aqueous ROMP reactions using 
RuC13.3H20 as the precursor to the initiating and chain propagating species. 
monomer 
n m IV v 
induction 
period1 2 4 6 4 
/hours 
1) Estimated induction period based on the brown to red colour change in the 
reaction solutions. 
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The major difference between these monomers is the ether bridge in monomer 
IV, and therefore it is possible that this ether bridge is in some manner crucial in 
the reaction. However this argument does not explain the lack of metathesis 
activity of IrC13.3H20 with monomer IV, and literature reports of the aqueous 
ROMP of similar monomers using the same conditions.112 
b) decomposition of monomer: 
The derivatives of 7-oxabicyclo[2.2.l]hept-2-ene that have been used as 
monomers in the work reported in this thesis are reported to undergo retro 
Diels-Alder reactions at 55°C.92 As an example, monomer IV undergoes 4% 
decomposition, based on 1H NMR analysis, after eight hours at 55°C, to yield 
furan and maleic acid.113 The initiator may be produced by reaction between the 
monomer decomposition products and the transition metal compound. This 
hypothesis could account for the lack of metathesis activity of RuCI3.3H20 with 
monomer VII, since monomer VII does not readily decompose at 55°C.106 
It is possible that monomer decomposition is an important factor in the 
aqueous metathesis reactions performed in this thesis. However, it is impossible to 
assess the effect of one variable when the others are changed at the same time. 
5.2.3 Conclusions: 
Ruthenium, osmium and iridium salts all have the potential to fonn aqueous 
ROMP initiators that can polymerise methoxymethyl, carbomethoxy and 
carboxylic acid functionalised 7-oxanorbomenes. Extensive speculation as to the 
factors involved in the production of the carbene is not warranted at this stage 
because there are too many variables in the type of experiment performed in this 
thesis to allow unambiguous deductions to be made. 
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5.3: The effect of acyclic oletins on agueous ROMP reactions. 
5.3.1 Introduction: 
In the section 5.2, it was suspected that the monomers, or some of their 
decomposition products, were able to co-ordinate to the transition metal species in 
solution to aid the formation of the initiating carbene and the other ligands in the 
transition metal complex. Various acyclic olefins were used as chain transfer 
agents in chapter 4, some of which appeared to affect the induction period of the 
reaction. 
5.3.2 The effect of cis-but-2-ene-1,4-diol (VIII) on the induction period of ROMP 
reactions: 
The ROMP reactions of monomer min the presence of cis-but-2-ene-1,4-diol 
(VIII) using initiators derived from RuC13.3H20 were found to proceed after 
shorter induction periods than similar reactions in the absence of vm (Tables 4.1 
and 4.2). The induction period of each reaction refers to the time taken for the 
reaction solution to turn to a green colour, and was found to be dependant on the 
concentration of VIII in the reaction mixture (Figure 5.1); the shortest induction 
periods were recorded for reactions in the presence of the highest concentrations of 
VIII. For example, the induction period was reduced from 1200 min to 15 min by 
using cis-but-2-ene-1,4-diol in molar proportions 47:1 with respect to RuC13.3H20. 
GPC examination has demonstrated that the molecular weights of the 
polymers and oligomers prepared by this method were related to the concentration 
of VIII in the reaction mixture (Figure 5.2); products of lowest molecular weight 
were produced from reactions in the presence of the highest concentrations of 
VIII. 
160 
Figure 5.1: Graph of induction period against the ratio [Vlli]/[RuC13.3H20] for the. ~OMP of a) m~:momer m, and. b) monomer IV, in the presence- of 161 
~~-.bu~-2-ene-1,4-:diol (VIll), and ~smg RuC13.3H20 as the precursor to the 
lnltiattng and chain propagating species. 
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Figure 5.2: Graph of reciprical ninnber average degree of polymerisation against 
[Vlll]f[Monomer] for the ROMP of a) monomer Ill, and b) monomer IV, in the 
presence of cis-but-2-ene-1,4-diol (VIll), and using RuC13.3H20 as the precursor· 
to the initiating and chain propagating species. _ 
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The yield of each reaction was not significantly affected by the presence of 
VIII, which suggests that the carbene formed by cross metathesis with the chain 
transfer agent can initiate further metathesis: 1 H NMR analysis of the oligomers 
suggested that the end groups are vinyl hydroxymethyl groups (section 4.3). 
The induction period for the ROMP of monomer IV using initiators derived 
from RuC13.3H20 was also reduced by the presence of cis-but-2-ene-1,4-diol 
(VITI) in the reaction mixture (Figure 5.1, Table 4.6). Again, the yield of the 
reaction was approximately constant, regardless of the molecular weight of the 
products, and 1 H NMR examination suggested that the oligomer end groups were 
vinyl hydroxymethyl groups formed by cross metathesis of the chain propagating 
species with vm (section 4.5). 
Plots of reciprocal Mn against the ratio of VIII concentration to monomer 
concentration allow the Chain Transfer Constant to be determined;22 such plots 
for this system are shown in Figure 5.2. Although the plots give reasonably good 
straight lines, the chain transfer constants for the cross metathesis of 
cis-but-2-ene-1,4-diol with monomer m, and monomer IV are very small, 7.3 x 
IQ-5 and 7.6 X 10·5 respectively~ implying that the rate Of propagation is very fast 
with respect to chain transfer. 
The apparent reduction of the induction period of each reaction in the presence 
of VIII suggests that the initiating carbene is being generated more rapidly. 
However, it is important to note that we are dealing with a heterogeneous 
polymerisation for the ROMP of monomer m, and a homogeneous polymerisation 
for the ROMP of monomer IV. Any increase in the concentration of vm in the 
reaction mixture changes the polarity of the medium, and hence could account for 
the apparent change in induction period. 
The polymerisation of monomer D was found to proceed after a shorter 
\ 
induction period than the polymerisation of m under the same reaction conditions 
(section 3.7). This could be rationalised by suggesting that monomer n is partially 
* accuracy ± lOS 
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decomposed in the reaction to yield f~ and cis-but-2-ene-1,4-d.iol, the latter 
being able to aid the production of the initiator. However the polymerisation of ll 
did not yield pure ROMP polymers, and monomer II is water soluble, hence 
cannot be directly compared to the heterogeneous polymerisation of m. 
If the initiating species prepared in the presence of VID was different to that 
produced in the absence of Vlll, then one might expect the backbone 
microstructure to be different. However, 1H and 13C NMR analysis of the 
oligomers of Pill and PIVb has demonstrated that each oligomer has a similar 
backbone microstructure to the corresponding high polymer (sections 4.3 and 4.5). 
5.3.3 The effect of cis-1 ,4-dimethoxybut-2-ene (IX) on the induction period of 
ROMP reactions: 
The aqueous ROMP of monomer m m the presence of 
cis-1,4-dimethoxybut-2-ene (IX) as a chain transfer agent using initiators derived 
from RuC13.3H20 was found to proceed after a shorter induction period than 
similar reactions performed in its absence (Figure 5.3, Table 4.4): the induction 
period refers to the time taken for the reaction solution to turn to a green colour. 
The molecular weight of the product polymers were found to be dependant on the 
concentration of IX in the reaction mixture: the lowest molecular weight products 
were produced when the polymerisation was perfonned in the presence of the 
highest concentration of chain transfer agent. The plot of reciprical Mn against the 
ratio of IX concentration to monomer concentration allows the chain transfer 
' . 
COnStant tO be determined, 22 in this case it is 2.0 X IQ-S (Figure 5.4), which is 
smaller than the chain transfer constant for the same reaction using VIll as chain 
•· . transfer agent, 7.3 x 10·5, although the reactions arenot directly comparible since 
VIll is water soluble and IX is not. 
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Figure 5.3: Graph of induction period against the ratio [CfA]/[RuC13.3H20] for 
the ROMP of monomer musing a) vm, and b) IX as chain transfer agents 
(Cf~), and RuC13.3H20 as the precursor to the initiating and chain propagating 
spectes. 
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Figure 5.4: Graph of reciprical number average degree of polymerisation against 
[CfA]/[ill] for the ROMP of monomer musing a) vm, and b) IX as chain 
transfer agents (CfA), and RuC13.3H20 as the precursor to the initiating and chain 
propagating species. 
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The yields of these reactions were found to decrease slightly as the 
concentration of IX in the reaction mixture was increased. This suggests that the 
carbenes formed by cross metathesis of the chain propagating species and the chain 
transfer agent were not efficient initiators of further metathesis. 1H NMR analysis 
of the polymers revealed that they all had similar microstructures to the high 
polymers Plll, and to the oligomers prepared by ROMP of monomer m in the 
presence of cis-but-2-ene-1,4-diol. ·The end groups of the polymers were found to 
be vinyl methoxymethyl groups, which is consistent with a cross metathesis 
reaction. 
It has been demonstrated that IX can act as a chain transfer agent for the 
ROMP of monomer m. The apparent reduction in the induction period could be 
rationalised by suggesting that the change in the polarity and homogeneity of the 
reaction mixture affects the induction period, or that IX may help in forming the 
initiating carbene: too many uncontrolled variables are involved for a decision to 
be made concerning the dominant factors. 
5.3.4 The effect of acrylic acid (X) on the induction period of ROMP reactions: 
The experiments in section 4.6 demonstrate that acrylic acid (X) can be used 
as a chain transfer agent in the ROMP of monomer IV using initiators derived 
from RuC13.3H20. The chain transfer efficiency of X is higher than that of VIII, 
2.2 x 104 and 7.3 x w-5 respectively~igure 5.5), although both CI'A's are water 
soluble. The yield of the reaction was decreased as the concentration of X in the 
reaction mixture was increased (Table 4.9), which suggests that the carbene 
formed by cross metathesis with the chain propagating species is an inefficient 
initiator of further metathesis. In concentrations greater than 8:1 [X]:[RuCI3.3H20] 
no polymer or oligomer was formed. Presumably above this concentration other 
competitive reactions are dominanL 
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Figure 5.5: Graph of reciprical number average degree of polymerisation against 
[CfA]/[IV] for the ROMP of monomer IV using a) X, and b) vm as chain 
transfer ~gents (<;fA), and RuC13.3H20 as the precursor to the initiating and chain 
propagatmg species 
a) CTA =X 
b) CTA = '2DI (b) 
0 6 
The induction period of the reaction is reduced by the presence of X in the 
reaction mixture (Figure 5.6 and 5.7). The primary induction period refers to the 
time taken for the reaction solution to change to a red colour, and the secondary 
induction period refers to the time taken for the reaction solution to turn to a green 
colour: polymer was precipitated after the reaction solution was green. The 
reduction of the induction period of the reaction is unlikely to result solely from 
co-ordination of the ruthenium salts with the carboxylic acid group in X, since the 
monomer is also acid functionalised. and ~ould presumably also react in a similar 
manner. Interactions of this type may be a contributaryfactor in conjunction with 
interactions of the double bond in X with the ruthenium salts in solution, although, 
on the basis of the evidence in this thesis alone, no flilll conclusions can be drawn. 
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figure 5.6: Graph of primary induction period against the ratio 
[CfA]/[RuC13.3H20] for the ROMP of monomer IV using a) XI, and b) X as 
chain transfer agents (CfA), and RuC13.3H20 as the precursor to the initiating and 
chain propagating species. 
monomer Til" 
a) CTA =;XI + 
b) CTA =X • 
2 4. 5 6 7 8 9 
K;To/ftlu] 
Figure 5.7: Graph of secondary induction period against the ratio 
[CfA]/[RuC13.3H20] for the ROMP of monomer IV using a) XI, .and b) X as 
chain transfer agents (CfA), and RuC13.3H20 as the precursor to the initiating and 
chain propagating species. 
monomer R 
(b) 
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5.3.5 The effect of maleic acid (XI) on the induction period of ROMP reactions: 
The results from section 4.7 demonstrate that the ROMP of monomer IV can 
be accomplished in the presence of XI using RuC13.3H20 as the precursor to the 
initiating and chain propagating species, although no chain transfer appears to 
occur (Table 4.10). The precipitation of polymer proceeds during two successive 
solution colour changes. The primary precipitation period refers to precipitation 
while the reaction solution is red, and the secondary precipitation period refers to 
precipitation while the reaction solution is green. High molecular weight polymer 
PIV was formed during both stages, and the total yield was constant for reactions 
where [XI]:[RuC13.3H20] was less than 4:1. 
Both primary and secondary precipitation periods for the ROMP of IV in the 
presence of XI depend on the concentration of XI: as the concentration of XI in 
the reaction solution is increased, the induction period is decreased (Figure 5.6 and 
5.7). Comparison between ROMP of IV in the presence of X and XI reveals that 
the initial reaction periods are similar (colour change brown to red), and that the 
secondary reaction stage (colour change red to green) is much shorter for ROMP in 
the presence of XI. The presence of maleic acid in the reaction solution appears to 
aid the formation of the initiating carbene without loss of polymer yield when used 
in concentrations less than 4:1 [XI]:[RuC13.3H20); ROMP in the presence of 
greater than 4:1 [XI]:[RuC13.3H20] proceeds to lower yield, although the induction 
period is even shorter. 
Any involvement of XI in the formation of an initiator is presumably similar 
to the involvement of X, ie. complexation via carboxylic acid groups and/or 
co-ordination with the double bond. Comparsion of the ROMP of IV in the 
presence of XI (section 4. 7), and the attempted ROMP of Vll in the presence of XI 
(section 4.8) demonstrates that the involvement of the monomer is also critical in 
the reaction. Monomer IV contains an oxygen at ring position 7, whereas 
monomer Vll has a methylene. Therefore, it is possible that an active initiator was 
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produced during the attempted ROMP of VII, but the monomer was unable to 
undergo the reaction. 
5.4 Conclusions. 
Aqueous ROMP using RuC13.3H20 as the precursor to the initiating and chain 
propagating species can be accomplished in the presence of Vill, IX, X and XI. 
All these acyclic olefins appear to reduce the time to precipitation of the polymer, 
the timescale of the solution colour changes, and all except XI appear to act as 
chain transfer agents. The rationalisation of these observations is difficult since 
the presence of high concentrations of cr A alters the polarity of the reaction 
medium. As a consequence, no finn conclusions concerning the formation of 
initiators in the presence of CTA' s can be made, although this work demonstrates a 
useful method for regulating the molecular weight of polymers synthesised by 
aqueous ROMP. 
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CHAPTER6: 
APPLICATIONS 
TESTING OF THE 
OLIGOMERS PIVb 
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6.1: Introduction. 
Some of the low molecular weight polymers and oligomers, PIVb, synthesised 
by aqueous ROMP of monomer IV in section 4.5, were assessed for their ability to 
prevent the precipitation of calcium carbonate from aqueous solution. The 
theoretical change in potential energy resulting from the interaction of each 
oligomer with an aragonite surface was calculated, and the results correlated to the 
microstructure and molecular weight of the oligomers, and their observed 
efficiency in preventing the precipitation of aragonite. 
6.2: Experimental details. 
6.2.1 Synthesis and characterisation of oligomers: 
The synthesis and characterisation of oligomers, PIVb, was described in 
section 4.5. 
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Figure 6.1: Oligomers of PIVb used for applications tests. 
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Based on the analysis 6f 1H and 13C NMR spectra, the oligomers appear to 
contain approximately 60% cis double bonds (cr= 0.6), and vinyl hydroxymethyl 
end groups (Figure 6.1). 
6.2.2 Applications test: 
The oligomers synthesised in section 4.5 were assessed in an aragonite 
"threshold" test, which measured the ability of each oligomer to inhibit the 
precipitation of aragonite from an aqueous solution containing calcium and 
carbonate ions at 700C. Air was bubbled through the test solution (Figure 6.2) in 
order to simulate the operating conditions found close to an industrial heat 
exchanger; due to its simplicity, this test is used only as a preliminary evaluation 
for aragonite anti-scalent products. 
air supply 
air vent 
0 
0 
0 
0 
~r---"'--test solution 0 0 
L...-------' 
water bath 
Figure 6.2: Apparatus for an aragonite "threshold" test. 
50.0 ml of an aqueous solution containing sodium carbonate (0.009g, 0.08 
mmol) and sodium bicarbonate (0.037g, 0.44 mmol) were added to a 150 ml 
capacity glass jar containing water (50.2 ml), calcium chloride dihydrate (0.055g, 
0.37 mmol), magnesium chloride hexahydrate (0.038g, 0.19 mmol), and an 
oligomer of PIVb (variable dose level) at room temperature. The resulting test 
solution, through which air was bubbled at 0.5 litres/minute, was heated at 
70.±0.1 °C for 30 minutes, and then filtered to remove any aragonite formed. 
Hydrochloric acid (0.2 ml, 50 wt%) was added to the filtrate (40 ml), and the 
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resulting solution stirred for one minute, during which time the remaining 
carbonate ions reacted to form carbon dioxide, which was evolved. The acidity of 
the solution was adjusted to pH 12 with solid sodium hydroxide and titrated with 
aqueous EDTA solution (0.01 M),114 using Patton and Reeders indicator 
solution.115 The solution colour changes from reddish-violet to blue at the end 
point. 
A blank test was performed by repeating the experimental procedure described 
above in the absence of an oligomer of PIVb, and a standard test was performed 
by repeating the experimental procedure in the absence of both carbonate ions and 
PIVb. The standard test determined the actual concentration of calcium ions in 
solution, and the blank test determined the concentration of calcium ions 
remaining in solution after 30 minutes at 7ff'C in the presence of carbonate ions. 
A test solution containing an oligomer that inhibits the formation of aragonite will 
contain a higher calcium ion concentration than the blank test. 
The efficiency of each oligomer to inhibit the formation of aragonite is 
measured in its"% CaC03 inhibition", given by the formula: 
% CaC03 inhibition= 100 X ((test titre)-(blank titre) 
(standard titre)-(blank titre) 
Oligomers whose threshold test results have a high"% CaC03 inhibition" are 
potentially better aragonite anti-scalent products than those with a low "% CaC03 
inhibition". 
6.2.3 Computer modelling: . 
Theoretical calculations of the energy of interaction of various oligomers with 
an aragonite surface were made using a transputer based computer modelling 
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system custom built for Ciba-Geigy Industrial Chemicals. The hardware 
comprised of 16 INMOS floating point transputers in network with an IBM 80 
personal computer, and DIGISOLE BGP64 graphics processing unit The 
software, based on the commercial CHEMMOD package, was written for 
Ciba-Geigy by Dr. D.N.J. White at the Univer$ity of Glasgow,86 and used 
Newton-Raphson equations for the energy minimisation calculations.87 
Models of ionic oligomers PIVb of various chain lengths and backbone 
microstructures were produced, and the lowest energy conformation for each 
model calculated in the absence of imbibed water and sodium ions. The minimum 
energy conformation of each model was found by moving the atoms of the model 
and calculating the sum of the Van der Waals, bond, and bond strain energies. 
Each oligomer model was fitted to a model of an aragonite crystal surface by 
removing carbonate ions from the model of the surface to leave "holes", and 
coordinating some of the carboxylate groups of the oligomer model to calcium ions 
exposed by these "holes". 
The minimum energy of the new oligomer/aragonite model was calculated in a 
similar manner to the calculation of the minimum energy of the uncoordinated 
oligomer. The change in potential energy resulting from the formation of an 
oligomer/aragonite interaction was calculated as the difference in energy between 
each oligomer/aragonite model and models of the uncoordinated oligomer and 
aragonite surface. The presence of imbibed water and sodium ions was not taken 
into account in these models, so the calculated potential energies can only be used 
comparatively. 
174 
6.3: Results. 
6.3.1/nhibition of aragonite formation: 
The percentage CaC03 inhibition of various oligomers of PIVb in the 
"threshold" test are recorded in Table 6.1. 
TABLE 6.1: Efficiency of various materials for the inhibition of aragonite 
formation in a "threshold" test. 
Material dose level 
percentage 
inhibition 
oligomer Mn 700 2ppm 32% 
oligomer Mn 1900 2ppm 79% 
oligomer Mn 2300 2ppm 66% 
oligomer Mn 2900 2ppm 64% 
oligomer Mn 4000 2ppm 10% 
oligomer Mn 5900 2ppm 0% 
RuC13.3H20 0.01 ppm 0% 
monomer IV 2ppm 0% 
NaOH 0.4ppm 0% 
NOTE: The oligomer samples are contaminated with 0.1-0.3 wt% ruthenium 
impurity. Thus the test using RuC13.3H20 in a 0.01 ppm dose instead of an 
oligomer sample simulated the effect of ruthenium impurities on the threshold test 
result, and corresponded to a impurity concentration of 0.5 wt%. The test using 
monomer IV instead of oligomer PIVb was purely for comparative purposes, and 
the test using NaOH simulated the concentration of sodium ions present in each 
oligomer sample. The results in Table 6.1 suggest that RuC13.3H20 impurities of 
less than 0.5% by weight of the samples do not affect the threshold test result, and 
that monomer IV does not inhibit aragonite formation. 
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The most effective oligomer tested for the prevention of aragonite formation 
has Mn = 1900 (Table 6.1). Analysis of the 1H NMR spectrum of this particular 
oligomer using the methods described in section 4.5.2 suggests that the average 
oligomer is a trimer or tetramer containing 60% cis double bonds, and vinyl 
hydroxymethyl end groups (Figure 6.3). The average oligomer length is calculated 
by comparison of the integration of the resonances of protons on chain end units 
(3e) with the resonances of protons on mid chain units (3h, 4h) in the 1H NMR 
spectra of the oligomers (Figure 6.1 and section 4.5). 
Figure 6.3: 1H NMR spectrum recorded at· 399.952 MHz in D20 of oligomers of 
. PIVb . prepared using RuC13.3H20 as the precursor to the initiating . and chain 
propagating species, and cis-but-2-ene-1,4-diol (VIll) as chain transfer agent 
:(CfA). 
--
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The oligomer which has a Mn = 700 (Table 6.1) appears to have a much lower 
% CaC03_inhibition than the oligomer with Mn = 1900. The 1H NMR spectrum of 
this sample shows that the. average oligomer length is a dimer (Figure 4.14c), 
which suggests that dimers are not as effective for aragonite scale control as 
trimers or tetramers. Similarly, the sample which has Mn = 4000, and an average 
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oligomer length of eight (Figure 4.14b) appeared to have a very low % CaC03 
inhibition, which suggests that octamers are not as effective for aragonite scale 
control as dimers and tetramers. 
6.3.2 Computer modelling: 
The theoretical change in potential energy upon interaction of an oligomer 
with an aragonite surface for various dimers, trimers and tetramers (n = 1 ,2,3 in 
Figure 6.1 respectively)are recorded in Tables 6.2, 6.3, 6.4, and 6.5. An increase in 
potential energy in the total system is unfavourable, therefore the energy change 
for the interaction must be small, or negative, if the interaction is to occur. 
TABLE 6.2: Change in potential energy resulting from the coordination of a dimer 
of PIVb by its first or both addition units to an aragonite surface~ 
change in potential energy I Kcal.mol-1 
unit bound configuration of dimer. 
to surface Ciso Csyn Tiso Tsyn 
first 
unit 0.4 0.1 1.2 0.8 
both 
unit 7.9 0.4 27.8 3.2 
Note: C iso = isotactic cis, T iso = isotactic trans etc. 
The theoretically calculated change in potential energy resulting from the 
formation of an oligomer/aragonite interaction was found to be positive for all 
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models, and is therefore unfavourable. Furthermore, it can be seen that the 
configuration of the unbound units affects the energetics if the overall binding. 
TABLE 6.3: Change in potential energy resulting from the coordination of a trimer 
of PIVb by its first addition unit to an aragonite surface. 
change in potential energy I Kcal.mol-1 
configuration of configuration of second 
first unit. unit. 
Ciso Csyn Tiso Tsyn 
cis isotactic 7.9 0.2 29.0 16.9 
cis syndiotactic 6.5 0.4 23.1 17.0 
trans isotactic 32.4 29.2 27.9 28.7 
trans syndiotactic 15.1 13.8 6.8 3.2 
Note: C iso = isotactic cis, T iso = isotactic trans etc. 
TABLE 6.4: Change in potential energy resulting from the coordination of a trimer 
of PIVb by its frrst or middle addition unit to an aragonite surface. 
change of potential energy I Kcal.mot·1 
unit bound configuration of trimer. 
to surface Ciso Csyn Tiso Tsyn 
first 
unit 7.9 0.4 27.9 3.2 
middle 
unit 26.5 26.5 27.1 31.3 
Note: C iso = isotactic cis, T iso = isotactic trans etc. 
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TABLE 6.5: Change in potential energy resulting from the coordination of a 
tetramer of PIVb by its ftrst or middle addition unit to an aragonite surface. 
change in potential energy I Kcal.mol-1 
unit bound configuration of tetramer. 
to surface Ciso Csyn Tiso Tsyn 
ftrst 
unit 22.5 37.5 31.7 32.1 
middle 
unit 42.3 42.5 43.0 41.0 
Note: C iso = isotactic cis, T iso = isotactic trans etc. 
The lowest change in energy was found to result from the interaction of the 
first unit of dimers containing either an isotactic or syndiotactic cis double bond 
with the aragonite surface (Table 6.2, Figures 6.4 and 6.5), 0.4 Kcal.moi-1 and 0.1 
Kcal.mol-1 respectively; the interaction of dimers containing a trans double bond 
were marginally less favoured (Figure 6.6): 1.2 Kcal.mol-1 and 0.8 Kcal.mol-1 for 
isotactic and syndiotactic trans dimers respectively (Table 6.2). 
The calculations for the energy of interaction of oligomers with the aragonite 
surface can be compared with the interaction of a monomer with the surface (24.1 
Kcal.moi-1). The monomer proved to have no inhibition ability in the threshold 
test (section 6.3.1), so it is unlikely that oligomers whose interaction with an 
aragonite surface increases the total potential energy of the system by more than 
24.1 Kcal.mol-1 will have ~Y effect. Based oli this deduction, tetramers of PIVb, 
or trimers bonded by their middle repeat unit, appear unlikely aragonite anti 
scalent products (Figure 6.7, Tables 6.4 and 6.5). 
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Figure 6.4: Theoretical interaction of a cis isotactic dimer of PIVb with an 
aragonite surface. 
Figure 6.5: Theoretical interaction of a cis syndiotactic dimer of PIVb with an 
aragonite surface. 
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Figure 6.6: Theoretical interaction of a trans isotactic dimer of PIVb with an 
aragonite surface. 
Figure 6.7: Theoretical interaction of a trans isotactic trimer of PIVb with an 
aragonite surface. 
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Trimers containing a cis synd.iotactic bond between the second (middle) and 
third (last) repeat units appear to have a favourable interaction with the surface 
through the first repeat unit only when the bond between the first and second 
repeat unit is cis isotactic (0.2 Kcal.mol-1, Table 6.3, Figure 6.8) or cis synd.iotactic 
(0.4 Kcal.mol-1) (Table 6.3). The only favourable interactions of trimers 
containing trans double bonds occurs through the first addition unit when the 
double bond between the first and second unit is synd.iotactic, and the double bond 
between the second (middle) and third (last) addition units is either trans isotactic 
(6.8 Kcal.rnol-1) or trans synd.iotactic (3.2 Kcal.mol-1, Table 6.3). No other trimer 
conformation or interaction appears energetically favourable for aragonite scale 
control. 
Figure 6.8: Theoretical interaction of a cis isotactic, cis synd.iotactic trimer of 
PIVb with an aragonite surface. 
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6.4 Discussion. 
There is an apparent difference between the practical threshold test results 
(section 6.3.1) and the computer modelling (section 6.3.2). The threshold test 
results suggested that oligomers PIVb containing between three and four addition 
units are the most effective for aragonite scale control when the oligomer backbone 
contains 60% cis double bonds. Dimers and oligomers containing more than eight 
addition units were comparatively ineffective. Molecular modelling calculations 
suggested that only dimers of any microstructure, and trimers containing two 
syndiotactic double bonds, either both cis or both trans but not a mixture, are the 
most effective aragonite anti-scalent products. However the computer modelling 
was based on the coordination of the oligomer to a preformed aragonite crystal 
(section 1.3.3c), whereas in reality many other anti-scalent mechanisms may be 
involved. Furthermore, the computer models did not account for imbibed water or 
sodium ions, or imperfections in the aragonite surface. 
6.5 Conclusions. 
Comparison of the results of the threshold test (section 6.4.1) and the 
theoretical calculations (section 6.4.2) conclude that trimers containing at least one 
cis double bond between repeat units are the most effective oligomers of PIVb for 
aragonite scale control. The highest percentage CaC03 inhibition (79%) for any of 
the oligomers tested was recorded using an oligomer of Mn = 1900 and cr = 0.6 
(Table 6.1 ), and this compares favourably with commercially available products. 17 
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CHAPTER 7: 
CONCLUSIONS 
AND PROPOSALS 
FOR FUTURE WORK. 
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7.1: Introduction. 
Three main research themes were investigated during the course of the work 
described in this thesis: a) assessing the range of monomers and transition metal 
compounds available for the aqueous ROMP reaction; b) characterisation of 
ROMP polymer and oligomer microstructure; and c) investigation of the 
application of oligomers of PIVb to aragonite scale control. All three areas 
yielded promising results, and now need to be investigated further. 
7.2: Conclusions. 
The work described in this thesis illustrates that ether, ester and carboxylic 
acid functionalised derivatives of 7-oxabicyclo[2.2.1]hept-2-ene can be 
polymerised via aqueous Ring Opening Metathesis Polymerisation (ROMP). The 
ROMP initiators can be prepared in situ using RuC13.3H20, OsC13.3H20, or 
IrC13.3H20 as the precursors to the initiating and chain propagating species, and 
the molecular weight of the product polymers can be regulated by including 
cis-but-2-ene-1,4-diol, cis-1,4-d.imethoxybut-2-ene, or acrylic acid in the reaction 
mixture. The induction period of the ROMP reaction was also dependant on the 
presence of these acyclic olefins, and strongly dependant on the presence of maleic 
acid in the reaction solution. 
Oligomers prepared by aqueous ROMP of exo,exo-7-oxabicyclo[2.2.1]hept-
-5-ene-2,3-bis(carboxylic acid) (IV) in the presence of cis-but-2-ene-1,4-diol using 
commercially available RuC13.3H20 as the precursor to the initiating and chain 
propagating species were found to be particularly effective for the prevention of 
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aragonite precipitation from salt water. The most effective oligomer of this type 
had a number average molecular weight of 1900 with respect to polyethylene oxide 
standards, and 60% of the backbone double bond in the cis conformation. The test 
result for this material compared well with test results of current commercial 
products. 17 
7.3: Proposals for future work. 
The nature of the initiating and chain propagating species formed in these 
aqueous ROMP reactions was not investigated, although they were assumed to 
contain a metal carbene since the reaction products were all consistent with ROMP 
polymers.22 The transition metal chlorides used as the precursors to the initiating 
and chain propagating species were not purified or characterised, and therefore 
little information concerning mechanism was found. Future developments in the 
study of aqueous metathesis require the synthesis of well defined transition metal 
carbenes; such a study was out of the scope of the work described in this thesis. 
The polymer characterisation is soundly based in this work, but it is clear that 
none of the materials made are homostructural and consequently the scale 
inhibition/modelling correlation is not on particularly firm ground. The studies did 
however indicate that dimers, trimers or tetramers of PIVb may have potential as 
aragonite antiscalent products, and these materials could possibly be prepared by 
classical organic synthesis rather than ROMP in the presence of chain transfer 
agents. 
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Appendix Al: 13C NMR spectrum of exo-7-oxabicyclo[2.2.1]hept-5:-ene-2,3-
-dicarboxy anhydride (monomer I) recorded at 100.577 MHz in (CD3hCO. 
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Appendix A3: 13C NMR spectrum of exo,exo-5,6-bis(methoxymethy1)-7-oxa-
-bicyclo[2.2.1]hept-2-ene (monomer ID) recorded at 100.577 MHz in (CD3hCO. 
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Appendix A4: 13C NMR spectrum of exo,exo-7-oxabicyclo[2.2.1]hept-5-ene-
-2,3-bis(carboxylic acid) (monomer IV) recorded at 100.577 MHz in D20. 
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Appendix AS: 13C NMR spectrum of exo,exo-7-oxabicyclo[2.2.1]~epL>-ene­
-2,3-bis(carboxymethyl ester) (monomer V) recorded at 62.896 MHz ill CDCI3. 
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Appendix A6: 13C NMR spectrum of exo-bicyclo[2.2.l]hept-5-ene-2,3-dicarboxy 
A6 anhydride (monomer VI) recorded at 100.577 MHz in CDC13• 
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Appendix A7: 13C NMR spectrum of exo,exo-bicyclo[2.2.1]hept-5-ene-
-2,3-bis(carboxylic acid) (monomer Vll) recorded at 100.577 MHz in 0 20. 
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APPENDIXB: 
INFRARED SPECTRA 
Infrared spectra are given below. All spectra were recorded using KBr plates 
of discs, and were run under the conditions designated by: 
(A)- KBr disc 
(B)- film cast from acetone 
1) exo-1 -oxabicyclo[2.2.1 ]hept-5-ene-2,3-dicarboxy anhydride (A). 
2) exo,exo-5,6-bis(hydroxymethyl)-7-oxabicyclo[2.2.1]hept-2-ene (A). 
3) exo,exo-5,6-bis(methoxymethyl)-7-oxabicyclo[2.2.1]hept-2-ene (A). 
4) exo,exo-1 -oxabicyclo[2.2.1 ]hept-5-ene-2,3-bis( carboxylic acid) (A). 
5) exo,exo-1 -oxabicyclo[2.2.1]hept-5-ene-2,3-bis(carboxymethyl ester) (A). 
6) exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxy anhydride (A). 
7) exo,exo-bicyclo[2.2.1]hept-5-ene-2,3-bis(carboxylic acid) (A). 
8) poly(2,5-(3,4-bis( carboxymethyl)furanylene )vinylene) (B). 
9) poly(2,5-(3,4-bis(carboxylic acid)pentylene)vinylene) (A). 
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APPENDIX C: 
MASS SPECTRA 
The mass spectra of monomers obtained during this work are recorded below. 
Ions are tabulated in the form: 
113 (15%, C5H50 3, B-MeOH) 
In this example the ion has mass 113, its intensity is 15% of the base peak (B), 
and its origin is the loss of MeOH from the base peak. The monomer is denoted by 
M, and therefore the molecular ion is either MNH4 + or MH+. Peaks of intensity 
below 3% of the base peak intensity are not recorded, except for the molecular ion. 
(1) exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxy anhydride(l). ( M = C8Mti04) 
184 (1 %, C8H10N04, MNH4 +): 68 (100%, C4H40, B) 
(2) exo,exo-5,6-bis(hydroxymethyl}-7-oxabicyclo[2.2.1] hept-2-ene(ffi. (M = 
CsH1203) 
174 (19%, C8H16N03, MNH4 +) : 157 (84%, C8H130 3, MH+) 
139 (27%, C8H11 0 2, MH+ -H20) : 121 (25%, C8H90, 139-H20) 
108 (41 %, C7H80, 139-MeO): 91 (59%, ~H7, 121-CH2=0) 
68 (100%, C4H40, B) 
(3) exo, exo-5,6-bis(methoxymethyl)-7 -oxabicyclo[2.2.1] 
hept-2-ene(lll). (M = C1ofi1603) 
202 (2%, C1ofi2oN03, MNH/): 117 (100%, C~1302 +,B) 
85 (58%, C5Hg0, B-MeOH): 84 (22%, C5H80, B-Me-H20) 
71 (10%, C4H70, B-Me20) : 68 100%, C4H40, B) 
209 
( 4) exo, exo-7 -oxabicyclo[2.2.1]hept-5-ene-2,3-bis 
(carboxylic acid) (IV). (M = C8H80 5) 
202 (2%, C8H12N05, MNH/): 134 (100%, C4H40 4+NH/, B) 
( 5) exo, exo-7 -oxabicyclo[2.2.1]hept-5-ene-2,3-bis 
(carboxymethylester) (V). (M = C1oH1205) 
230 (1 %, CsH16NOs, MNH4 +) : 145 (100%, C6~04, B) 
130 (9%, C5~04, B-CH3) : 113 (18%, C5H60 3, B-MeOH) 
68 (6%, C4H40, M-B) 
(6) exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxy 
anhydride fYD. (M = ~Hs03) 
182 (100%, MNH/, B): 120 (18%, C8H80, M-C02) 
91 (39%, C7H7, MH+ -COrH20) : 66 (10%, C5~ M-C4H20 3) 
(7) exo, exo-bicyclo[2.2.1lhept -5-ene-2,3-bis 
(carboxylic acid)(Vll). (M = ~H1004.H20) 
200 (100%, MNH/ -H20): 91 (52%, C7H7, MH+ -2C0-2H20) 
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CHAPTER3: 
PID (Ru) Found C,65.0%, H,8.7%; calculated for (C1oH160 3)n: C,65.2%, H,8.7% 
Pm (Os) Found C,63.8%, H,8.9%; calculated for (C10H160 3)n: C,65.2%, H,8.7% 
PID (lr) Found C,64.9%, H,8.9%; calculated for (C1oH160 3)n: C,65.2%, H,8.7% 
PIVb (Ru) Found C,42.0%, H,2.4%, Na,19.7; calculated for (C8~05Na2)n: 
C,42.1 %, H,2.6%, Na,20.1% 
PIVb (Os) Found C,41.8%, H,2.5%, Na,l9.5; calculated for (C8~05Na2)n: 
C,42.1 %, H,2.6%, Na,20.1% 
CHAPTER4: 
PID with VIllas CTA; (calculated for (C10H160 3)n: C,65.2%, H,8.7%) 
Found C,65.1 %, H,8.6%: Mn = 150K 
Found C,62.0%, H,8.8%: Mn = 8K 
Found C,60.3%, H,8.9%: Mn = 4K 
Found C,59.1 %, H,8.9%: Mn = 500 
PID with IX as CTA; (calculated for (C1oH160 3)n: C,65.2%, H,8.7%) 
Found C,65.1 %, H,8.6%: Mn = 150K 
Found C,64.9%, H,8.9%: Mn = 19K 
Found C,64.5%, H,9.4%: Mn = 7K 
Found C,63.8%, H,9.6%: Mn = 4K 
PIVb with VIll as 'CfA; (calculated for (C8H60 5Na2)n: C,42.1 %, H,2.6%, 
Na,20.1 %) 
Found C,42.0%, H,2.4%, Na,l9.7%; Mn =lOOK 
Found C,42.5%, H,2.9%, Na,19.4%; Mn = 4K 
Found C,43.0%, H,3.4%, Na,l7.2%; Mn = 700 
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PIVb with X as CTA; (calculated for (C8f405Na2)n: C,42.1 %, H,2.6%, Na,20.1 %) 
Found C,42.0%, H,2.4%, Na,l9.7%; Mn =lOOK 
Found C,42.3%, H,2.7%, Na,l9.9%; Mn = lOK 
Found C,42.4%, H,2.8%, Na,l9.7%; Mn = 5K 
PIVb with XI as CTA; (calculated for (C8f405Na2)n: C,42.1 %, H,2.6%, 
Na,20.1%) 
ALL polymers had Mn =lOOK 
Found C,42.0%, H,2.4%, Na,19. 7%; Mn = lOOK 
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The author has attended the following conferences during the course of his 
Post-Graduate study: 
1) One Day NMR conference, University of York, 2/12/87 
2) Macro Group Annual Meeting, University of Lancaster, 16/3/88 
3) Macro Group Annual Meeting, University of Lancaster, 15/3/89 
4) First International Conference on Molecular Characterisation of polymers, 
University of Bradford, 20-23/3/89 
5) Industrial Water Soluble and Water Swellable Polymers, lJM!ST, 17-19/4/90 
6) High Polymer Research Group, 291h Moretonhampstead conference, 24-28/4/89 
7) gth International Symposium on Olefm Metathesis, University of Bayreuth, 
4-8/9/89 
Lectures given in the chemistry department by external Speakers during the course 
of the author's Post-Graduate study: 
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